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Abstract

The aim of this investigation was the creation ofhmh precision volume
measurement device using the Helmholtz resonataciple, the purpose of which
was to measure, without interference, liquids, dsoland particulate samples. A
previous study by Nishizat al. (2001) suggested they achieved an accuracy oftabou
+1% of full scale, where full scale is 100% fill tdie resonator chamber. Theory
suggested that with careful design and measureraectiracy of approximately
+0.1% should be achievable.

A high precision resonator was designed using dwoulseory and drawn using
SolidWorks™ computer aided design software. This was thent busing a
computerised numerical controlled milling machirihe resulting resonator was
coupled to a 16-bit high-speed data acquisitiontesysdriven by purpose-made
LabVIEW™ software. Using a resonant hunting method, repéiyawas within
+1mL for a 3L chamber and the accuracy was bettan #8mL, which is_0.1% of
full scale for liquid and solid samples.

Testing of particulate material gave results intinga complex behaviour occurring
within the resonator. Accuracy of sub-millimetreagular samples was restricted to
approximately 1%, and fill factors to about 50%. This reductionaccuracy was
caused by a combination of energy absorption asmhant peak broadening. Medium
sized particles, between 1mm and 15mm allowed meamnt accuracies of
approximately 8.5%. Larger samples, greater than 15mm in diamgtare results
with comparable accuracy to water and solids tested

It was found that most materials required a posasueement curve fit to align

predictive volume calculations. All samples wereseived to have a predictive
deviation curve with coefficients dependent on thaterial or general shape. This
curve appeared to be a function of sample regulantd/or whether the sample has
interstitial spaces. To achieve high measuremeniracy temperature compensation
was required to negate drifts in sample measurement

Chamber mapping was conducted using a spheriddl saved to precise locations,

then making a three-dimensional frequency map @irikide of a dual port resonator.
This showed the length extension term for the ngpwvnass of air in the port

penetrates roughly three times further than theaggests. However, the influence of
this extra ‘tail’ was found to be negligible whesdaulating sample volumes.

A new method of measuring volume was developedgu§nprofile shifting and
ambient temperature information. Accuracies fos tmethod were comparable to
those found using the resonant hunting method.gAifstant advantage of the new
method is a 2-3 second measurement time compargaptoximately 40 seconds for
the resonant hunting method. The Q profile shiftimgthod allowed volume
measurements on samples moving through a dualr@sohator at speeds of up to
100mm/s.

Free fall measurements proved unsuccessful usiisgjrexmethods, but variations in
signal data for different sample sizes suggest rteed for future investigation.



Follow-up studies may provide new interpretationdels and methods for high-speed
acquisition and analysis required to solve freefa@asurements.

Precise temperature (speed of sound) and flanderf@esponsible for port length
extension) relationships were evaluated. The cbored¢actor for the speed of sound
with temperature was found to be marginally différe established theory using the
Helmholtz equation due to temperature secondagcesffin the port length extension
factor. The flange factor, which determines porngth extension, for the
configurations used in this investigation was ekpentally found to be
approximately 5% less than theoretical values.

It was established that the sample to be measuusd Ibe within a certain region of
the chamber for accurate volume measurements hodoe. If the sample were larger
than the bounded region the resonant frequencydvoaillonger obey the Helmholtz
relationship. This would thereby reduce the acgucdthe measurement. All samples
irrespective of cross sectional area were foundlter the resonant frequency when
they were over 85% of the chamber height.

An equalisation method termed environmental norsaéibn curve was developed to
prevent environmental and loudspeaker deficierfeaaa colouring Q profiles used in
Q profile shifting procedures. This was undertalkesnQ profile shifting relies on
consistency in the Q profile. The environmental nmalisation curve was able to
equalise external factors to withi4dB. The environmental normalisation method
could be used to post-process data or appliedhirtiree to frequency generation.

The controlled decent Q profile shifting techniquas refined further to be used in
continuous measurements in a single port reson&amples could theoretically be
measured up to 15% of full-scale fill before resdnpeak predictability would
compromise accuracy. Measurement times were froan@ithree seconds, depending
on environmental temperature stability.

An alternative Helmholtz resonator was developedi iamestigated using an inverted
port. This variant has potential applications foseal-less chamber and port with
rapid non-interference chamber access. Q factorthéinverted port resonator were
found to be significantly less than tradition Helith resonators. It is believed this is
due to a larger boundary layer acoustic resistancarring in the inverted port.

A variable chamber resonator was designed and &sliét further development of the
Helmholtz resonator volume measurement systenheaaricertainty of measurement
is a function of resonant chamber size. Therefagng the variable chamber
resonator the chamber size could be customisetetsample size. In this way the
uncertainty of measurement could be minimised. Vdreable chamber resonator was
used with both the resonant hunting method an®tpeofile shifting method.

Volume measurements on produce and minerals usengariable chamber resonator
yielded results of similar accuracy to measurememiscalibration samples. Each
sample type displayed characteristics that woul@arspecific calibration necessary.
Both techniques were able to detect hidden voidespdarger than 2% of the sample
volume, and in punctured samples. Therefore, batthads may be viable for rapid
sorting of produce and minerals.
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Chapter 1

Introduction and literature review






1.1 Introduction

Most people have experienced the sound of Helmh@sonators without being
aware of their underlying principle. Bottles andrgjed instruments are perhaps the
most common type of Helmholtz resonator. Bottlesehthe characteristic small
opening into a large chamber. If air is blown asrashottle’s neck (port) a resonant
frequency is emitted that is proportional to theeinsions of the vessel.

A musical instrument such as a guitar has stringseg over an open cavity, the
guitar body. The combination of guitar body andicei act as a Helmholtz resonator
with a low broad Q factor. Q factor is the qualictor of a given resonator and
indicates the narrowness in frequency range ovéchnthe resonator will oscillate. It

also indicates the amount of amplification occugriat resonance (See Basic
Equations, No.24). The broad Q profile allows thage of tones generated by the
strings to be nearly equally amplified.

Resonators form part of our every day lives. Aléaiger class includes mufflers for
cars, noise suppression in air conditioning systants acoustic dampening in office
workspaces. Most serve the purpose of suppressingiravanted frequency by
absorbing the sound within the resonant cavityerathan amplifying it. Acoustic
resonators have been known of since the time oRtr@ans, and it seems probable
they were created in one form or another even ezarfihe Romans used small
resonators for musical instruments and sound dagnipitheir amphitheatres (Dessy,
2001).

The Helmholtz resonator is named after Herman Lvda Helmholtz [1821-1894],
who discovered its physical and mathematical sec(etelmholtz, 1877). Early
experimental resonators such as the type used lbyhadz are shown in Figure
1.1.1. These instruments consist of a bulbous ckanabport on the underside and a
small stem, Figure 1.1.2, for the user to pressnagéeir ear. When air passes over
the port the chamber and port will resonate aequency determined by the physical
characteristics of the instrument: the chamber meluport length and port cross
sectional area. Also important is the physical medin the resonator and the speed
of sound in that medium.

Figure 1.1.1 Historical Resonators’ from Notre Damdndiana, http://physics.kenyon.edu
(last viewed May 2008)



<4—— Listening tube, held to ear

4—— Resonator Chamber

<4—— Port (neck)
Figure 1.1.2 Cross section of historical resonatawith listening orifice at rear of chamber.

The fundamental Helmholtz equation specifies thae tresonant frequency is
proportional to the square root of the cross seati@area of the port divided by the
resonator chamber volume and port length, Equdtibr.:

freq= € [ 5 (1.1.1)
2\, o

wherec is velocity of sounds, is cross sectional area of throat/openwgs volume
of chamber ant}, is length of the port

Helmholtz resonators are a rich area for investigatdespite the fundamental
equations of acoustics being put forward by Lorgl&gh, (1877) almost a hundred
years ago. This is due to non-linear effects anekldpments in new methods for
reducing and understanding their complexity.

The purpose of this study has been to investigeteise of Helmholtz resonators as a
method for determining the volume of an object. Ti@usion of an object into the
resonant chamber has the effect of reducing thectefe resonator volume. Hence,
there is a direct link between the emitted resomfi@tuency and the volume of the
object within the chamber.

The practicalities of such a system allow for nestductive, deformation free,
volume measurements of liquids, solids and granmaterial within the chamber.
Such measurements have historically proved difficie to the time required for
measurement. Classical pycnometers have been theatcurate way of performing
interference and degradation free volume measurasmBat, pycnometers are very
slow devices taking typically between 3 to 5 misute make a single measurement.
Pycnometers differ slightly in that they can measskeletal object volumes when
gases with appropriately small atomic sizes ared,user example helium and
nitrogen.

Using a Helmholtz resonator, a rapid and robusime measurement system can be
created which, in some instances, can be usedathsiE a pycnometer. Doing so
avoids the pycnometer’s reliance on lengthy calibraprocedures. There is also



potential for far greater reliability with an actigal system, due to a minimum of
moving parts and avoidance of special chamber tiondi

This investigation aimed to rigorously evaluate Wagiables involved in accurately
determining the volume of samples placed withinentholtz resonant chamber. A
set of methods was developed to better understandignificance and magnitude of
the variables likely to affect accuracy. These udeld chamber dimensions, port
dimensions, sample location, sample shape, acobstiders, granular samples,
dynamic measurements of moving samples and acoustefield coupling. Novel
approaches in further increasing speed of measuntetinee were also tested. These
included a resonant hunting procedure developediaadribed in Chapter 3 and three
Q profile shifting methods, described in Chapter 4.






1.2 Literature Review: Volume
measurement

1.2.1 Experimental volume measurement using a Helnoktz resonator

Nishizu et al. (2001) described a method for volume measuremesitgy Helmholtz
resonators. They used a three-port resonator dbyemloud speaker in the top port.
The system also contained a belt conveyor, which alde to move samples through
an inlet port and out an exit port, Figure 1.2.1.microphone was placed in the
loudspeaker port to provide resonant frequencyimé&tion to a computer.

—3 Sound Card
e
PC Chirp Wave
Programable
Controller
Microphone . Speaker
—= __Cavity
L L] . . . . ™ ® ° . -
Resonator Y
Inlet Outlet  Stainless Steel Belt

Figure 1.2.1 Schematic of automatic continuous vofme measurement system, Nishizet al.
(2001).

The analysis for the three-port resonator is simitathat given in Appendix A,

Section 12 and results in Equation (1.2.1). Thardiex volume for the resonator is
variable, changing by an amount determined by #mepée volumew. The ports are

considered to be equal diameter and length. Thgtleaxtension term, Equation
(1.2.2), is that described by Appendix A, Sectio@&nipulation of Equation (1.2.1)
gives Equation (1.2.3), which describes the volumeof an object placed in the
resonant chamber. The resonant frequency is theasured to back-calculate the
sample volume.

freq = — 3% 1.2.1
9o V —w)(l, +Al) (1.2.1)

wherefreq is resonant frequency;is velocity of sounds, is cross sectional area of
the port;V is volume of chambewy is the sample volumé; is length of the port and
wherer the radius of the port

Al = 0.6r +£r (1.2.2)
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w=V - P (1.2.3)

(1, +n )( Zmeqj
C

The system created by Nishiet al. (2001) was required to make measurements as
quickly as possible due to a moving conveyor belhgporting the samples. As a
sample moves through the chamber various resomapeies of the chamber will
change. A maximum entropy (Bayesian statistics)hoebtof analysing the data was
used to reduce the time required to build a frequespectrum. Precision in the
measurement of frequency spectrum usually regaitasge number chirps. A chirp is

a frequency range over which the sound is increaflgrgwept through. Chirps are
used to pinpoint the resonant frequency. By stediby predicting only the allowable
frequencies the resolution of the frequency spettmas increased. However, the
entropic method used by Nishietial. was not stated.

When the sample enters and leaves a port that jmmdmes obstructed and the
resonant frequency changes in proportion to thélabla port cross sectional area.
Effects such as chamber volume geometry may besgméficant, as described in
Chapter 2, Section 11, when the sample is insidetiamber. These two effects limit
the internal region where the Helmholtz equationvadid. Nishizuet al. (2001)
described this region as the ‘sweet spot’ withim rissonator chamber.

A Helmholtz resonator for volume measurements ef fanks under micro-gravity is
one of the more esoteric uses of the acoustic asmentechnique and was developed
by Nakanoet al. (2006). A sealed spherical chamber was used tgehthe fuel. A
stem containing a loudspeaker was connected irteelehamber. The loudspeaker
projected sound down this stem and into the cawtwhich the fuel was stored,
Figure 1.2.2.

Hafth
AN

Propellant peat

Figure 1.2.2 Schematic of Helmholtz resonator fuglnk designed to be used in micro-
gravity conditions, Nakanoet al. (2006).



The micro-gravity resonator was partially succdssith a cautionary note indicating
further investigation was required. This may hagerbdue to a variation in the way
measurements were taken. In that particular agpitdhe speaker was used as the
sound source as well as the microphone. The chamgipedance of the speaker was
used to indicate the resonant frequency. At thatpafiresonance the impedance will
suddenly rise. When using the loudspeaker as aophone caution is needed to
ensure the natural resonance of the loudspeaker mateoverlap with the range of
resonance caused by the Helmholtz effect.

1.2.2 Patent for Helmholtz volume measurement dewec

Johnson Jr. (1995) made a US patent applicatiowhioh he described a Helmholtz

resonator suitable for measuring a human’s volurigyre 1.2.3a. The differences

between his technique and others were the methadsohant stimulation and the

negation of ambient humidity and temperature effethe stimulation method relied

on blowing air past the resonator port rather taplying a chirp (frequency scan) to

isolate the resonant frequency. In principle trenator is only induced to resonate at
its fundamental frequency, which is proportionaltie free chamber space.

By incorporating a ¥4 or ¥2 wave resonant whistlehimitthe main chamber its
frequency will be altered by temperature and hutyidit the same rate as the
Helmholtz resonator. By superimposing the frequesoff the two resonators the ratio
between the two can be used to determine the voldisfdacement in the main
chamber, Figure 1.2.3b. Johnson Jr. claims theracgwf such a system could be
expected to be ¥% of the sample volume and the measurement tinye3seconds.

PRESSURE

Figure 1.2.3 a) Helmholtz resonator designed for easuring a human’s volume. b) Super
position of whistle frequency onto Helmholtz frequacy (Johnson Jr., 1995).

1.2.3 Experimental Helmholtz resonator with variabe chamber size

De Bedoutet al. (1996) constructed a variable volume resonatothan hope of
developing a system capable of adaptive noise @oimtrducting systems. They used
a hinged wall capable of segmenting off a parthef tesonator volume, Figure 1.2.4.



The wall was connected to a motor which was pasitnonitored by a potentiometer.
The combination of motor and potentiometer was &blgive positional feedback and
allow adaptive control.

Hy
Top end
Fixed plate
r wall
Hinge - o Boit nd
/’f—ﬂ Neck Cavity 0 Is)(l):;;{jm
Maovable
wall
GEES
Figure 1.2.4 Variable volume Helmholtz resonator dsigned and implemented by De Bedout

et al. (Left) top view, (right) side view (De Bedoutt al, 1996)

The system had a number of limitations which ineldidl) non-ideal placement of the
port and non-ideal internal shape of the resorlatming to significant deviations in

resonant frequency prediction 2) the potentiometzs only capable of providing an
approximate angle via its resistance 3) there wagsemperature speed of sound
compensation 4) no attempt to account for discreipanin signal levels over the

frequency range tested 5) the loudspeaker was uiiatbte for reproducing the low

frequency range required of it.

Despite the numerous shortcomings they were ableletmonstrate an adaptive
resonator could be built that was capable of atteng the driving frequency up to a
maximum value of 30dB, but more typically 20dB. mdgiacoustical theory a more
carefully designed resonator system should be tabtgve uniform attenuation over
the frequency range they intended it for. The aoldibf temperature compensation
would also improve the initial positioning of thealvand allow far quicker closed
loop control times.

A determining factor in the development of this jattlee-passive noise control system
was the prohibitively expensive digital signal pFssing systems of the time. This is
no longer the case and therefore digital signatgssing systems can achieve better
results at significantly lower cost (See for exagpfdlexas Instruments, Texas, USA).
A digital signal-processing device would inject afitphase sound - active control -
into the ducting system to negate unwanted noise.

1.2.4 Pycnometers

The principle of the pycnometer is based on Boyigéal gas law. Boyle’s law states
that pressure, volume, and gas temperature arelakd by a simple formul&yV =n

Rc Temp WhereR; is a gas constam, is the number of moles arry, V and Temp are
pressure, volume and temperature respectively. &asore the volume of a sample,
pressure is applied to a sealed vessel at consanerature. If the volume of the
vessel Y1) is accurately known before the sample is insettied the pressure change
should be proportional to the vessel volume mimgssample volumevg). This can
be expressed a& = P,V1/Pa.
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Pycnometry has many benefits over the traditionathAnedes principle, which

involves submerging the sample in a liquid. A disatdage of the Archimedes
principle is the possibility of water damage to saenple. Another disadvantage is the
potential for air to be trapped in pores of the glemeading to a false volume
measurement.

An accurate pycnometer requires a well-sealed Vessk a very accurate pressure
gauge. For non-skeletal volumes air can be usqutdssurise the vessel instead of
Helium. A difficulty with performing pycnometry isnaintaining a constant vessel
temperature since the pressure of the vessel esthjirrelated to its temperature. A
constant heat source might be required dependirgponlong it takes to measure the
sample volume.

When using a pycnometer the more space occupigdebgample in the chamber the
greater the accuracy. This is apparent from therthef operationPV=nRT, as the
pressure difference between empty and occupiecespiicbe greater. This ensures a
reading that approaches full scale for the presswasuring device. Theoretical
calculations by Tamari (2004) suggest a practiegalge for chamber filling of
between 0.4 and 0.7.

For constant volume systems the accuracy is depemdetank chamber and sample
chamber size ratios, Figure 1.2.5. Tamari (2004esdhat the size of the tank
chamber should be abotlt the size of the sample chamber. By using a smiatec
the initial pressure can be high and the final gues significantly lower when
compared with having them the same size. This mwékimise the pressure step and
allow for increased resolution. The uncertaintythe pressure measurement device
will play an increasing role as the final pressueduces. Hence, there are two
conflicting requirements, achieve a large presstee and maintain a high pressure
within the sample chamber.

| Absolute pressure Controlled
: transducer temperature
]
- ®
i -
1
| Valve "M" Valve “Z"
o ——P——0

Gas supply 1

or vacuum |
[}
i
1
' Sample
' chamber
! Tank
]
1
1
1
I
1
1
T

Figure 1.2.5 Diagram of a constant-volume gas pyometer. The sample-chamber and the

tank, initially filled with gas at two different pr essures, are connected by
opening valve ‘Z'(from Tamari 2004).

When the valve ‘Z’ from Figure 1.2.5 is opened itl wause a sudden pressurisation
of the sample chamber, which in turn will causeapid temperature rise. This
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temperature step must be allowed to dissipate gfirdlie walls of the chamber before
an accurate pressure reading can be achieved.

Precision in pressure measurement is the biggestriainty that pycnometry faces, as
noted by both Oppenheimet al. (1997) and Tamari (2004). Oppenheimer observed
that a 1% inaccuracy in pressure measurement léadan approximate 4%
uncertainty of the sample volume. According to TaMa0006% to 0.00175% is the
ultimate accuracy that could be achieved using ladesigned pycnometer. This is a
theoretical calculation. But, the values he deriges based on ‘off the shelf’ high
precision components.

1.2.5 Commercial pycnometers

Readily available commercial pycnometers, suchhas AccuPyc 1330 (Made by
Micrometics, USA), typically have very small chambe(providing increased
accuracy), use helium gas and can take anywhewebetthree to thirty minutes per
measurement, dependant on required accuracy. ipesaf pycnometer is suited to
laboratories for measuring small complex shapesydpos or chemical samples.
Agnewet al. (2003) created a much larger and more robust pgeter for measuring
biomass. However, the apparatus had a much-redamadacy due to poor filling
ratios, a non-ideal tank to chamber ratio and gamngertainties.

The Julius Kruttschnitt Mineral Research Centre MRC) has developed a rapid
commercial pycnometer for mineral sorting. Commaigation and manufacture has
since been licensed to UltraSort LTD, Australiae K pycnometewas designed to
replace existing technologies for mineral sortiragdd on buoyancy measurements
using heavy toxic liquids. As density is the valiabf interest thdK pycnometewas
equipped with a weighing device to allow densittes be calculated. TheK
pycnometeris claimed to have an accuracy &% of sample volume and4%o of
sample density. However, measurement times arspaaified.

1.2.6 Commercial methods for sorting produce and mierals

The ability to sort fruit is a current problem imdustries where fruit density is often
associated with ripeness or sugar content. Seveethods are frequently used to
ascertain the fruit firmness, which can be coreglato density. These include low
mass impact, acoustic firmness tests and drop intpsis. These tests usually attempt
to measure the propagation speed of sound throbghfruit and the impact
parameters used to derive a firmness index (Shnuhlev al, 2003).

The impact parameters are a function of peak augditfter impact and the rise/fall
time of the impact. However, impact tests do neegionsistent results for firmness
for most fruit as the shape of the fruit signifidgraffects the firmness parameters.
Also, non-uniformities in density through the fratfect these values (Sugiyaret
al., 2005). Companies such as Toyoseiki in Japan amdtain Holland produce
firmness testers.

Optical scanning techniques are the usual nonddste method for measuring fruit
size (volume) in commercial installations. The indual fruit is rotated on a plinth as
it is optically scanned. A computer program theeeasbles the images to give an
approximate volume. This method is not sufficierdbcurate to sort fruit by density
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(having been weighed first). It is however ablesie grade fruit and sort by colour.
Aweta of Holland produces machines of this type.

Buoyancy methods are currently used for mineralsifgrmeasurements in mining
applications. A mineral sample is immersed in pesgively denser liquid until the
sample is neutrally buoyant. This method is in pnecess of being phased out in
Australia due to the high toxicity of the heavyuids used. ThdK pycnhometekvas
created as an alternative and may eventually rephamersion methods.

1.2.7 Spheres in a resonant cavity.

A number of studies have been conducted on sphregesesonant cavity, principally
Barmatzet al. (1983), Leunget al. (1982) and Cordero and Mujica (2007). However,
all have concentrated on closed cavities, descrdsed half wave resonator. Their
models and measurements focused on a sphere’sopdsitrelation to cavity length
and how this changes the different modes of resmnafEigen frequencies).
Sometimes this was extended to include the inflaexicsphere radius to cavity radius
ratios. All derive various solutions to the waveiatpn in attempts to better predict
the change in resonant frequency for a given cardigpn.

Leunget al. (1982) performed tests using rigid disks and diffgg sample materials
for the solid spheres. Barma&t al. (1983) also performed preliminary tests on
spheres of different material. Both groups noticer appreciable differences in
acoustic behaviour for the different materials. Thigerence in acoustic impedance
between dissimilar solids is generally tens of Meyes, where lrayl is 1kgfs
Aluminium and hard plastics are typically arounck1Crayls and steel 47x%eayls.
However, the impedance of air is a mere 415rayterdfore, impedance coupling is
very poor between a solid and air, with most of #weustic energy reflected by
scattering.

Leunget al. (1982) found the behaviour of a disk in a resomanity tended to lower
the resonant frequency in the vicinity of maximumpditude velocity. The effect of a
disk caused acoustic scattering without inducifiguency shift caused by a volume
change. In this way scattering effects could blated from volume effects.

The Helmholtz resonator is significantly differdram closed cavities given that the
Helmholtz primary resonator frequency is independeh internal chamber
dimensions. The exception to this is at higher desgries where standing wave
properties emerge due to half and quarter wavenesgoactivity. The chamber
volume, port dimensions and the speed of soundrdate the fundamental frequency
of the resonator. Transcendental equations utdissember diameter and length for
excessively long or wide chambers (See Chaptere2tigh 15). The Helmholtz
eguation assumes a lumped parameter analysis ch#dreber and port, which is true
if the pressures in both are equal. For a combamatnber and port length of less than
/.6 the resonant wavelength the lumped parameter métas been found to be valid
(Panton and Miller, 1975).

13



Literature review conclusions

14

There is little existing information on the use ld&lmholtz resonators for
volume measurements.

Generally pycnometers capable of high accuracy melumeasurements are
not robust or suitable for industrial applicatiombose that are have tended to
be inaccurate and slow.

Existing methods for measuring produce samples@ir@ery accurate and are
either prone to incorrect scanning (optical sys)eansnconsistencies caused
by non-uniformity in density (acoustic responseses

Current methods for mineral density measuremermtse(d on volume) involve
highly toxic liquid chemicals.

Solids in a ¥ wave resonant cavity will cause fegguy shifts in proportion to
their location, their volume and the amount of srabased on surface
geometry. It is expected similar trends should kensin a Helmholtz
resonator, but to a lesser degree.



Chapter 2

Helmholtz resonator theory
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2.1Helmholtz resonator theory

2.1.1 Traditional Helmholtz resonator theory

The ideal resonator equation behaves like a masgsgsgystem with defining
constants such as stiffness, mass and an angedareincy, Equation (2.1.1). For most
situations this simplification proves adequate &salibe the Helmholtz resonator
oscillatory system. The mass is the mass of aithe port,poslp, and the spring
stiffness is the compliance of the air in the matculated in Appendix A, Section 10
to be (ooczspz)N, wherepg is the nominal air density, is the port surface areh,is
the port lengthc is the speed of sound amithe volume of the chamber. Placing
these into Equation (2.1.1) and cancelling gives ttiaditional Helmholtz resonator
equation.

i S
w= /stlffness: o | 2.1.1)
mass le

This is an idealisation as the lendghshould refer to the moving mass of air in the
port only. But in reality this length is about Odhger (See Appendix A, Section 8).

Figure 2.1.1 shows simplified diagrams, comparhmg physics of the resonator and a
mass spring arrangement. This method is oftenrexfeio as the lumped parameter
method in which the air in the port is consideredompressible (See Appendix A,

Section 12).

a)

Figure 2.1.1 a) Simple ideal resonator showing mawjj mass of air in port compressing air in
chamber volume and springing back due to the incresed pressure in the
chamber. b) Equivalent mass spring system.

Making the substitutiongy=2zfreq, allowing for a port length extension teri, to
allow for the non-ideal behaviour of the port amdtiag a sample displacement
volume (v). Equation (2.1.1) can be rewritten as Equatioh.2} for a sample volume
inserted into the resonant chamber.

- C Sp
freq= 27T\/(V (I, + A) (2.1.2)

Equation (2.1.2) can be rearranged, Equation (2.alB)wing determination ofv.
This requires the chamber volume to be accuratelpsored and the resonant
frequency of the empty chamber found.
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Y i (2.1.3)

(aneq)za S +0)

For a resonator of fixed dimensions the main végialk the frequency. If the
frequency can be accurately measured it shouldbsilge to calculate the size of the
object in the chamber. This assumes a constantitselof sound ¢), which can be
evaluated from the temperature, the ideal gas fahtlae ratio of molar specific heats
(y). Application of a narrow frequency sweep, chiwpll allow localisation of the
resonant frequency.

2.1.2 Chirp frequencies

The time for one complete cycle of a given freqyedecreases with increasing
frequency. If a linear chirp was used the numbecyafes produced with increasing
frequencies would increase proportionately also.this reason a logarithmic chirp is
required to ensure even weighting to all frequenbeing swept through.

The time to complete one cycld)(is the reciprocal of the frequency=1/freq.
Therefore the sweep tim&7) for the frequencies being chirped through willthe
integral ofl/freq Equation 2.1.4.

ST= J-freqw 1 - In| 1€,
freann  freq ‘ fregy, ‘

(2.1.4)

The rate of change in the in sweep will be thet fitsrivative ofl/freq Equation
(2.1.5), which shows the rapid decline in time #ezpl for a complete cycle with
increasing frequency. The rate of frequency chasgen inverse parabola. To avoid
the need for logarithmic chirps, narrow frequencgming is preferable. This can be
achieved with a roughing technique like that désatiin Chapter 3, Section 3.2.6.

dr _ d 1__ 12 (2.1.5)
dfreq dfreq\ freq freq

2.1.3 Non-ideal behaviour in the port: length extesion

Work by Lord Rayleigh (1896), Chanaud (1993) ankdect¢ have shown Equation
(2.1.1) to be an idealisation. The port length nsreality extended by a factor
determined by the port radius and the quantityast flange material at each end of
the port, Figure 2.1.2.

w Port flange
B4 | materia
Chambe

% ) E Virtual flanged
port length

Figure 2.1.2 Flange material will alter the virtual or effective port length.
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The pressure within the resonator chamber is noklegt all locations, but is a
function of the resonant frequency wavelength. &foee, in a sufficiently long

chamber it is possible to have both low and higéspure zones co-existing. Non-
homogeneous pressure within the resonator chamibvealidates the Ilumped

parameter assumptions used to generate Equatiba)(2.

Ingard (1953) stated that port end corrections,ctvhs air moving beyond the
physical port ends, are not as simple as thoseatefrom the standard method of a
piston in a planar surface. They are intimatelptesl to the constraints occurring at
the end of the port, the solutions to which ardiaift to solve due to the required
priori knowledge of the pressure distribution in the p&art of the problem also
stems from the small signal approximations usegkimerating the wave equation (See
Appendix A, Section 2). These lead to singulariaépoint sources or edges. Ingard
(1953) recommended using the non-linear terms #rat normally omitted to
eliminate this problem.

Most standard texts, such as Blackstock (2000)Kansler and Frey (1962), derive a
value of 8a/377 wherea is the radius of the port, for the length extensedfects
caused by an ideal piston in a plane surface. ddmsbe equated with a moving mass
of air in a flanged port. In reality the pistorsildom ideal and the flange at the port’s
entrance is far from being an infinite plane. Cedlplo this are the diffraction effects
causing scattering and turbulence at the intemmdlexternal port ends.

Typical Helmholtz resonators require two differend corrections to be used, one for
the internal port and one for the external. Ingdi@b3) warns that non-adherence to
the end correction factors can lead to considerabier in calculating the resonant
frequency. Ingard reports very good agreement hmtvexperiment and theory using
standard end correction factors, despite the assomspabout non-ideal secondary
effects.

End corrections are required and valid for all talikke configurations and can be
applied to ¥ wavelength and Y2 wavelength organstiBanton and Miller, 1975). In
illustration of the significance of end correctipreonsider a simple port chamber
configuration with an internal flange. If the pdength is 170mm with an internal
radius of 22mm, a length correctiath of 30mm is required. This is calculated based
on the end correction is for an internal flanged amternal un-flanged port. Hence,
the effective length for the port is 200mm, alm23% more than the physical length.

To better understand the length extension termaStval. (2008) have derived a
number of equations and methods to try and align Hermitian and causality
conditions to length extension calculations. Indte&relying on static values often
used to approximate the length extension terma%®ihal. (2008) state the Hermitian
condition requires the reflection functioR)(of a negative frequency must be equal to
its complex conjugateR(-w)=R*(w), whereR* is the complex conjugate reflection
function andw the angular frequency. The causal condition gispecifies impulse
responses must be causally closed.

Existing derivations do not obey these conditiam&ttempts to give readily usable

values. The sacrifice is values that are only tfole the system as the angular
frequency approaches zerokaris sufficiently small, less than 1, whekés the wave
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number anda the port radius. The result is physically impoksimalues for larg&a
values. Despite this, Silvet al. (2008) acknowledge it is impossible to derive ebbs
form solutions as the time domain solutions requimewledge of impedance values
for the full range of frequencies (See AppendixSaction 13).

Results of Silvaet al. (2008) for prediction and experimental values tfeg length
extension were within 8%ké&<2) when the Hermitian and causality conditionsever
satisfied. This improved to better than 2k&<3) when the causality condition was
ignored. The significant improvement in not applyinlosed conditions indicates
length extension terms for a port still pose aiclitty in accurately defining the
parameters determining the Helmholtz resonator.

Kang and Ji (2007) conducted a numerical study lemgth correction of ducts in a
cylindrical chamber, as occur between the Helmh@sonator port and the chamber.
They used 3D finite element models (FEM) and 2Dlydical calculations to better
understand the length correction term with regamlsthe resonator’'s chamber
dimensions and the port dimensions. From the 20ysisahey were able to derive an
approximation expression. This expression couldubed to calculate the length
extension factor so as to be incorporated in tlaelitional 1D analysis model,
Traditional Helmholtz equation, Equation (2.1.1)heT derived expression has
variables that include the chamber diamet®), (the port diameterdf) and the
guantity of port extension into the chambég),( Equation (2.1.6), wheré is the
length extension factor aradthe port radius.

L

d d
g =0.6165- 0.7046{d—"J + 0.2051ex;{— 3.4453;—9] - 0.37490'—p ex;{— 2.6023d—ej

C Cc

p p

(2.1.6)

Analysis of the chamber length to chamber diamedéo by Kang and Ji (2007)
suggested this ratio did not influential the lengtitrection term unless the ratio was
less than 0.3. This would make for a very long tieisonator in which non-linearities
in the pressure wave distributions would be muchremsignificant, and would
therefore violate the lumped parameter assump(i®es Appendix A, Section 12).

Numerically, Kang and Ji (2007) found very goodesgnent between their FEM
method and the 2D analytical model, within 1% foe values they considered. It was
unfortunate that they did not conduct any expertaenvork to confirm their
numerical results. It is therefore unknown as twv lsuccessful their models are in
predicting length extension.

The inclusion of one or more perforations in thet as been found to significantly
alter the port length extension term, Peat (20B®&sonators with port perforations
have been well known for many years and the bengfiplemented successfully in
muffler systems, mufflers being a type of Helmha#gonator. However, the effect of
the perforations in terms of mathematical analiisis been lacking. Traditionally the
design of resonators with port perforations haslteal and error.
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Peat (2008) performed a finite element analysiscambination with standard
analytical impedance calculations to derive sohgidased on the percentage of
perforation per unit length and the total lengthntaming perforations. The
significance of Peat’s research has implicationsldaks that may be present in the
port of a resonant system. These can occur at hiaenlger port junction or in
microphone fixtures on the exterior of the portafPfeund the port length correction
factor was increased to 1.6 from 1.4 for an ungehresonator when a single hole
making up only 5% of the circumference area wadddhis represents a significant
alteration to frequency prediction accuracy usimg fHelmholtz equation. Generally,
the acoustic energy is very rapidly dissipated jipe& containing any perforations.

2.1.4 Non-ideal behaviour in the port: radiation resistance

Lord Rayleigh (1896) discovered that the moving snafair in the resonator port
continues past the physical open ends by an antmtetmined by the cross sectional
area(See Figure 2.1.1). Ingard (1953) repeated thikwbhne effective inertia of the
moving mass of air, acting as an oscillating pnetiorsug, extends the port-air-mass
beyond the ports physical boundaries. As noted ibgl&r and Frey (1962), a moving
air mass has associated losses, which appear astiacoadiation and frictional
coupling with internal port surface (See AppendixS&ction 9).

When ka is small, boundary layer losses are more promirtlean the acoustical
radiation energy losses from the external end ef plort. They are an order of
magnitude larger than the radiation resistancecestsaol with the moving mass of air
in the port (Kinsler and Frey, 1962). The exposedt @cts as a hemispherical
oscillator that has an acoustical coupling co-&ffit related to the frequency. At low
frequencies Ka<<1) the port behaves like a point source emanatinghéan a
hemisphere. As the frequency increases the soumojected more like a planar
source with low divergence (Blackstock, 2000).

The assumptions used in deriving the radiationstasce are only valid for the
transmission of sound into a semi-infinite mediura, the constricted port into the
unobstructed environment. Equations derived in Aplpe A will need appropriate
adjustments to account for incident, transmitted rflected components if the sound
is not radiated into free space. An important exenop this is a closed tube; most of
the energy is reflected minus the frictional vissdosses (See Appendix A, Section
11). Hence radiation losses are minimal in suatuaistances.

In a study by Ganghuat al. (2008), the coupling efficiency of a small enclasu
containing a Helmholtz resonator was investigaldte purpose was to gain a better
understanding of energy reduction using various glagnmembranes in the port of
the resonator. By selecting the appropriate acralbti resistive material, broad
frequency energy attenuation could be achieved.

Ganghuaet al. (2008) found that a high energy absorbing membnamyented
effective coupling between the enclosure and tilserrator. The resonator was not
able to induce sufficient resonance to reduce tieegy in the system it was mounted
in. Using analytical solutions for the velocity apdessure distributions they were
able to show there is an optimum damping coefficien a given resonator and
environmental coupling configuration.
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The calculations of Ganghusat al. (2008) were designed to maximise the energy
reduction to the enclosure housing the resonatwe. rEsonator was designed to have
a high Q factor and energy dissipation factor. Tilgd Q factor allows energy to be
extracted from the enclosure into the resonator #reh dissipated in the port
membrane. To calculate the optimal attributes efrésonator the coupling between
enclosure and resonator must be analysed.

Calculations and experiments by Gangltiaal. were able to show that for an un-
damped resonator most of the energy loss, in thma & acoustic resistance, is from
acoustic radiation resistance and not viscous $o8s¢he port. Hence, most of the
energy is reradiated back into the enclosure. iBha® important consideration for un-
coupled resonators with small internal port aresasrig remote stimulation.

In a brief study by lwase (2007) the velocity pifemanating from the port of a
Helmholtz resonator was investigated using a vsiqmiobe. He found the velocity
profile was uniform right up to the edge of thetmarrface when measured at the port
opening. As the velocity probe was moved upward aativard it showed rapid
velocity dispersion, confirming the planar waveidipdiverges into a hemispherical
wave, as predicted by theory (See Appendix A, Sact).

Additionally, lwase (2007) was able to map the tengxtension effect as the velocity
profile decays with distance from the port openiRgsults suggest smaller length
extension effects of the port extended up to 50%thef port length. Standard
acoustical theory (Blackstock, 2000) predicts feage’s system, the bulk movement
should be occurring at lengths less than 12% optrelength. In the study by Iwase,
the effect of flanging material at the port opemmas also confirmed. The addition of
port flanging material was shown to significanthciease the coupling coefficient
between the port and the environment.

2.1.5 Non-ideal behaviour in the port: viscosity ad turbulence

In accordance with continuum mechanics (Fung, 189 )mass of air moving within
the port must have an air velocity of zero wheeedhl meets the port surface, the no-
slip condition. This layer is a frictional loss @fiergy to the resonator. Despite this the
velocity profile is nearly even across the portsaaand appears very much as a plane
wave, Kinsler and Frey (1962), Blackstock (2000heTooundary condition where
matching velocity at the port surface occurs ithatmillimetre range (See Appendix
A, Section 9).

Kinsler and Frey (1962) suggest any port over lamdter will not be significantly
affected by this internal viscous frictional cougli In theoretical calculations by
Ingard (1953) on a Helmholtz resonator he calcdlaéoundary layer thickness of
0.6mm for a resonator having a resonant frequeh&p@Hz. This value is consistent
with alternative methods used in Appendix A, Sett® Exceptions can occur with
large sound pressures where the air velocitiebearery large.

To some extent, the surface texture of the postspdapart in the viscous losses to the
resonant system. The surface still appears as atbntmundary so long as the
coarseness of the surface is not a significant@tmm of the cross sectional area.
This is primarily due to the low viscosity of alngard (1953) made use of porous
materials within the port to add mechanical dampPgmping within the resonator is
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common for noise suppression systems such as msuéfted air conditioning ducting.
The effect of which is to lower and broaden therall&) factor of the resonator (see
also Section 2.1.4). Q factor being the qualityesfonance (See Appendix A, Section
3)

Because Helmholtz resonators are often used indsdamping systems, a broad
resonant peak having a low Q is required with hggchanical resistance over the
frequency range for which it is intended. Resolirghin frequency requires a high Q

factor to be achieved. For an un-damped resonafactQrs of between 30 and 40 are
easily obtainable (Ingard, 1953).

Ingard (1953) has stated that within the resongstesn the power lost to viscous
forces is to be derived from the integral of thetion caused by the port surface and
the tangential wave velocity. The surface resigandhe product of the air viscosity
density and the angular frequency. For this integpabe valid the surface must
appear flat to the wave travelling across its sirfaAs the boundary layer has been
shown to be much smaller than the dimensions ofptir¢ this assumption can be
considered true. It is not true for small diamgderts, less than 1cm, or small port
lengths such as a hole punched plate. There il bé some acoustic losses around
the port ends. High friction losses also occuthatport edges, these all contribute to
non-linearity in port behaviour.

2.1.6 Non-ideal behaviour in the port: heat conducte losses

Blackstock (2000) and Kinsler and Frey (1962) ssgghe heat losses from a
propagating wave in a free medium are of a simmtagnitude to those caused by
viscosity. As a sound wave propagates through engnedium a localised rise in

temperature occurs with the rise in pressure. Tmwerse is also true and during the
rarefaction, a temperature decrease occurs.

For a given system, the viscous losses experiebgaedoving air molecules will be
small if the boundaries of that system are largmmared to the wavelength. The
losses associated with heat transfer in the formoofideal adiabatic effects will also
be small and of a similar magnitude. In the case dfounded system where the
dimensions are small compared to the wavelengtleffieet of the viscous boundary
layer will play a larger part in the dissipation éfiergy. This is not to say that the
losses from either are large, but the relative ntade of viscous to heat conduction
will vary according to the system under investigati

The resonator is not a free and open system, ardftiie does not mimic results for
such open systems. Ingard (1953) has suggesterbéukefor careful analysis of waves
travelling in a finite system. He classifies twopantant subcategories, waves in an
infinite tube and waves in a finite tube. Appliceti of conservation of energy
equations will vary in each case due to the phakdionships between pressure and
particle velocity within the finite system. Thus$et velocity is far more significant
than the pressure due to the boundary layer effAstshe wave velocity increases so
does the boundary layer. Consequently at high squadsure levels or very high
frequencies the port appears more constricted dhdow sound pressure levels (See
Appendix A, Section 9).
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2.1.7 Non-ideal behaviour in the port: relaxation ime

Relaxation time is the small instant in which tlemsity change in a fluid is not equal
to the pressure change. For example, a very rdqadge in piston position will cause
the air molecules to experience a sudden rise msitjethat is out of phase with the
related pressure step. This represents a timditkgd to the transients in which the
system is able to bring itself back into equililoniu

The effect of the relaxation time is a non-linepeed of sound relationship. The
speed of sound asymptotically increases propottimnan additional viscosity force,
caused by the air’'s time to reach molecular equilib. This applies to poly-atomic
gases like air, (Kinsler and Frey, 1962). The sudderst of energy into the gas is
taken up by the modes in which the gas can abswelye (translational, rotational
and vibrational).

The relaxation time for air is about 1.7xfGeconds. For this study the rate of rise of
pressure is orders of magnitude slower than thexasbn time for air and hence
relaxation times are not considered significantlyCat very high frequencies or
extreme pressure amplitudes is the relaxation tinmgortant and is necessary to
include it in theoretical calculations.

2.1.8 Non-ideal behaviour in the port: non-linear #ects

Ingard (1953) has reported the presence of sigmfioon-linear effects in the port of
a resonator under certain conditions. The princiel@son for this non-linearity is
turbulence caused by particle displacement am@gud port length ratios. The ratio
of these two variables determines how the onseirblilence occurs, what proportion
of the cross section will be laminar and whethes jeccur at the port ends. The
transition between different port behaviours occatswhen the port length and
particle displacement distance are the same. tRarin this instance refers to air
particles not those described later in Chapter §fanular materials.

At low sound pressure levels the port flow remarsdominantly laminar even with

increasing frequency. As the frequency and particdplacement grow, the onset of
turbulence starts. If the frequency and amplitléurther increased acoustic jetting
starts. This analysis can be contrasted with tmmabReynolds number approach for
boundary layer determination (See Appendix A, $ecf). The oscillatory behaviour

plays a significant role at large sound pressurel$eand at high frequencies.

Associated with non-linear resistance effects ig-lmear reactance; the two are
intimately related. The resistance caused by terimd and/or acoustical jetting is
energy taken from the mass reactance of the pbe.oBcillating mass of air in the

port connected with the acoustic reactance is requo drive the turbulent effects,

and is thus an additional loss to the resonatois Tdss can be added to those of
viscosity for the resonator.

In this investigation the port lengths are largenpared to the particle displacement
and the frequencies low. Therefore, air movementlinvthe port are in the linear

region and non-linear effects caused by the onséirbulence or acoustical jetting

need not be considered.
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2.1.9 Non-ideal behaviour in the port: port placemst

The port placement can affect the resonant frequanéwo ways. The first is the
inclusion and/or protrusion of the port from theaeator chamber. The second is the
physical location of the port in terms of chambgnmetry, i.e. the proximity of the
port to the chamber wall.

Inclusion and protrusion effects have been extehsianalysed and examined by
Selamet and Lee (2003). They found that the resdnequency decreases slightly as
the port is shifted from a symmetric orientatiorhenre the port length internal to the
chamber is the same as that external, to an asymnwie, where there is a
difference in internal to external port length erdien.

Ingard (1953) and Chanaud (1993, 1997) reportethereffects of port placement in
terms of its proximity to the chamber wall. As @t is moved closer to the wall the
viscosity ‘felt’ by the mass of air varies at therfpentrance and exit. This variation
has a significant effect on the resonant frequency.

The port centre displacement was analysed by In@®%3) with regard to the port’s
eccentricity factor, the ratio of the port centreenthe radius of the chamber/R),
Figure 2.1.3, up to the theoretical maximum of ke Tatio of unity is impossible due
to the port having its own radius) (which restricts the upper limit o to R-r.
Therefore, the maximum ratio of eccentricitylis/R. Ingard’s investigation focused
on how eccentricity affects port length extensidte noticed thatdl (length
extension) was a maximum when this ratioadR was zero and minimal when the
port was hard up against the chamber wall. A pogecto the chamber wall will have
a lower effective length hence a higher resonamjuency and vice versa.

Figure 2.1.3 Port placed eccentrically with respedb the chamber centre.

Chanard (1997) furthered his previous work studyogt location effects; the 1993

investigation only included a few cursory calcidas. Chanaud’s experimental and
theoretical results were similar to those of Ingdré53) using a cylindrical chamber
with an eccentrically placed port. Chanaud’s resatiowed the classical Helmholtz
equation was unable to predict variations in polacement. Chanaud also
demonstrated by experiment, with an irregular regtigar chamber, the inability of

the transcendental equations to predict resonaquéncies when the port location is
eccentrically placed in the chamber.
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2.1.10 Non-ideal behaviour in the port: port shape

Tang (2003) and Selamet and Lee (2003) conductedtytpes of investigation into

port shape, principally the effects of varying tha&t cross-section with height with
conical ports. Ingard (1953) and Chanaud (1993jistlithe relationships between
port cross sectional shape and the effect these drathe resonant frequency.

Tang’'s development of the Helmholtz equatign,” + kK)A= , f@r tapered conical
ports and experimental evidence has shown an isergathe resonant frequency is
predicted and observed. Tang's analysis and expetah work includes only the
cases where is smaller tham,, Figure 2.1.4. An increase in the resonant gaia wa
also observed in Tang’s study, indicating a reducin the acoustic impedance in the
port.

Chamber '

Figure 2.1.4 Chamber with tapered conical port.

Selamet and Lee (2003) also found that;aralue smaller than the value increased
the resonant frequency. In addition they testecctise where; is larger tham,, with
again an increase in resonant frequency. In boffescancreases in the resonant
frequency and its resonant gain value occurred,peoed with the standard un-
tapered port.

Chanaud (1993) and Ingard (1953) noted port cresamal shape has little effect on
the resonant frequency. This is likely due to tbd pross section being large enough,
for the pressure wave travelling in the port, toamost unaffected by the viscosity
losses occurring at the port surface. In extrengasons where the port area is
narrowed, the boundary layer will become significamd encroach on the bulk
laminar flow. The other extreme is where a port elision becomes a significant
proportion of the wavelength; in such cases theplkonparameter approach is
violated and no longer valid.

2.1.11 Non-ideal behaviour: chamber and port length

The pressure can be predicted at various chamighrtb@s shown in Figure 2.1.5, by
considering the length of the chamber as occupyeal $inusoidal pressure wave at an
instant in time. The dimensions are chosen such tti@ resonant wavelength is

proportional to the length of the chamber. Thisaibn is to be avoided in using the

lumped parameter analysis of the Helmholtz resonatioich assumes equal pressure
throughout the chamber and port.
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Port (neck)

Pressure wave

Chamber

Figure 2.1.5 Sinusoidal representation of pressuneithin chamber occurring when
dimensions of the resonator are a significant fraégn of the resonant frequency
wavelength.

Panton and Miller (1975) have shown that the denataused by the wavelengft) (
induced pressure difference can be significant nedigting precise resonant
frequencies. They suggest the length of the charsheuld be kept to withifVigh
rather than the more traditionally accepted valtiéZb, if the lumped parameters
assumptions of Equation (2.1.1) are to be valicar@ud also found this to be true in
his 1993 study. See also Section 2.1.15 for amwalytietails of Panton and Miller
(1975) study.

Selamet, Dickey and Novak (1995) conducted a nurabtasts, extending the length
of chambers to gauge the significance of waveletgithamber dimensional effects.

In their investigation Selamet al. used the chamber length to chamber diameter ratio
(I/d) to test non-ideal behaviour. In all cases thardder volume was kept constant.
They found in all non-classical transmission losslgsis, the resonant frequency
decreases with increasimfgl. The maximum ratio of andd tested was 23.92. At
extreme ratios secondary ¥4 wave resonator behawasrobserved in the port in
addition to that caused by Helmholtz resonance.

The classical Helmholtz equation was observed todbe for I/d ratios of less than
1.5 by Selameet al. (1995). At larger ratios transcendental equatidesved from
transmission theory were needed to accurately gredisonant frequencies (See
Section 2.1.15 and Appendix A, Section 11). Comjprtal numerical methods were
also used by Selamet al, but only yielded accurate results when the gizé svas
small and only for extremi& ratios.

In contrast to Panton and Miller (1975), Selaetedl. (1995) used a transmission loss
apparatus in which the resonator was mounted ht &ggles midway along a non-
reflective duct (anechoic termination). Panton avdler used a freestanding

resonator and applied a sound source to the pararme at a distance of

approximately 1m.

2.1.12 Non-ideal behaviour: chamber shape

Alster (1972) conducted a thorough mathematicalyaisaof variations in chamber

shape. The aim was to improve calculations of raspirequencies for Helmholtz

resonators having unusual chambers. In his papestudied a range of chamber
shapes including spheres, prisms, toroids anddstsy A secondary purpose was to
link mathematical descriptions of the Helmholtzomstor to those of the ¥ wave
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resonator. Alsters inspiration for this investigati was discrepancies in the
observations made by early acoustical pioneers sischiscovius and Sondhauss,
(cited by Alster, 1972).

Liscovius and Sondhauss alleged that a resonattalpafilled with water gave the
same resonant frequency when the resonator waseadchkt various angles. In
contrast, modern replications of this experimeregiariations of up to 30%, (Alster,
1972). Therefore, it is argued, the classical rasmmequation, Equation (2.1.1), is too
simple to accurately describe the processes cauwssanance. Alster then reasoned
the chamber shape must affect the gas inside thenlmér, as the water-filled
resonator changed its frequency at changing chamauigle with all other variables
held constant.

Alster’s investigations have explicated the usefam factors for describing the
velocity and force profiles within the chamberithe chamber is sufficiently regular
to allow description by a function, then a detailpbcedural equation can be
generated to describe the end effect of the intgyad. Hence, the end correction
factor, required for frequency prediction, can kppleed wherelp=Iy+l +l,. The
physical length of the port ig, the length extension due to chamber effedt,iand
the length extension due to the port’s externahopeislo.

It should be noted that Alster’s derivation assurdedensions of chamber and port
not greater than ¥of resonance and omits viscous forces. This ikeeping with
general assumptions used in calculating resonaguéncies. With these cautions
Alster was able to achieve accuracies of bettem ttPd when comparing predicted
values with observation.

2.1.13 Resonator chamber with many apertures

The Helmholtz resonator need not consist of a sipglrt. The theory describing the
behaviour of a given resonator can be equally edgh the multi-port resonator. The
lumped parameter conditions must still apply folidiy of predicted frequencies.
Ingard (1953) used two different multi-port configtions. The first consisted of a
single rectangular port replaced with four smatkmtangular ports amounting to the
same overall cross sectional area. The second wagke round port split into two
smaller round ports of equal cross sectional drethese instances the multiple ports
were all in the same face. They were also closeugindo have their inertial
components, which extend beyond the port exitfi@ted with each other. The effect
of which was a considerable rising of the primaganant frequency, mainly due to
the end effects overlapping into neighbouring pofise interference between the
ports affected the length correction factor forredngard (1953) provides a detailed
mathematical analysis of this effect.

In instances where the ports are remote from et the resonant frequency would
be expected to be the same as that for the singie with the equivalent cross
sectional area. Because the length correctiorfusction of port radius the multi-port
resonator’s resonant frequency would be expectdx targer by a factor determined
by the port size difference. To illustrate this,mmare the standard Helmholtz
resonator Equation (2.1.7) with the multi-port Epra (2.1.8) in whichs,1=s,, and
lp:=lp2. The denominator for the multi-port resonator iggly a function of the
averaged port radius. The effect of which is teeahe resonant frequency, dlsfor

28



the multi-port resonator will be considerably I&san Al for the single port resonator.
The cross sectional area &ris the same as that 2§;;.

freq= % (2.1.7)
2 \V, (I, +Al) o
freq=—— R N S|
2\ V. (1, +0L) ) (Vo(l,, +AlL) | 2|V, (1, +Al)

(2.1.8)

Ingard (1953) also states that the expected Qrféata multi-port resonator will be

considerably less than that for a single port. Bysidering Equation (2.1.9) it can be
seen that the expression for the Q factor is degr@noh the length correction factor
in the numerator (See Appendix A, Section 3). Tleee as the length correction
factor decreases with reductions in cross sectiarneh of the port, the Q factor is
expected to decrease accordingly.

o- 2751, +01) [, + 21V

3

(2.1.9)

as, Sp

2.1.14 Analytical transmission and finite elementmalysis

Boundary value and finite element analysis, alderred to asBEM — Boundary
Element Method (Selamet and Lee, 2003), are twdaoakst of gaining insight into the
behaviour of the Helmholtz resonator. Selamet amel have employed both methods
to better understand the complex interaction ofsuee and velocity at three distinct
regions within the resonator. These consist opthre volume, the region immediately
surrounding the port in the chamber and the regiothe chamber free of the port.
Selamet and Lee used a symmetrical port configurath which half the port
protrudes into the chamber and half extends oiit of

Using analytical methods Selamet and Lee (2003)esiolhe resonator problem using
transmission theory for the three regions in bb# dne-dimensional axial and two-
dimensional analytical methods. They found the sitad and one dimension axial
methods gave poor predictive results, while the tiwoensional and finite element
analysis gave very good results.

Selamet and Lee (2003) also found the finite elédnmeethod was able to predict
accurately the resonant frequency for tapered portfigurations. Tapered port
calculations become extremely unwieldy using trassion equations due to the
progressive change in volume and surface area. {a063) has attempted a
simplified variation of this process with partialceess (See Section 2.1.10).

2.1.15 Transcendental equations for resonance frequcy determination

The classical Helmholtz resonator formula, Equat{@rl.l), is derived from the
damped wave equation with an applied perturbationfascing function (See

Appendix A, Section 2). This equation typically @s/results to within 5% with

cautious use of both chamber and port lengths aoil@nce of extreme asymmetry
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in design. The advantage of the classical formslaaicontinuum of calculable
frequencies for a range of resonator dimensionisit loloes not allow for the chamber
width to length ratio as discussed earlier. LorgI&gh (1896) further developed the
transcendental resonator formula, Equation (2.1.tO)which intersections of two
functions must be numerically resolved in ordedébermine appropriate frequencies
at which the chamber resonates.

cot(eL, ) = f°'p kL, (2.1.10)

c-p

wherek is the wave numberk€w/c, c is the speed of sound). is the chamber
height,s; is the cross sectional area of the chamleés, the length corrected port, and
Sy is cross sectional area of the port.

The transcendental equation is developed from waresinission theory. The closed
chamber end represents an infinite impedance aedptnt a reactive load (See
Appendix A, Section 11). Because the transcendesqahtion makes use of the
chamber length and cross sectional area, its usbea&xtended to ¥ wave open tube
resonators. A natural limit is formed as the padss sectional area approaches the
chamber cross sectional area. By observing the Asithe port cross sectional area
approaches zero the equation can also be usetb&mdctube resonators. Panton and
Miller (1975) used these techniques to form a ganset of solutions to acoustical
resonators. Panton and Miller also derived the satas equation from the
transcendental form by expanding out the firsteload (kL) terms, Equation (2.1.11).

1 1 1
cotkL,) =— —=kL, ——(kL,)? 2.1.11
kL) =~ ok~ (kL) (2.111)

C

In Equation (2.1.11) the third term is almost ngiplie compared to the first two
terms. If the first term in the expansion is subgdd into Equation (2.1.10) the
traditional Helmholtz formula results, noting thast: is equal to the chamber volume
V.. By using the first two terms in the expansiony&tpn (2.1.12) is acquired.

P KL, = -k (2.1.12)

Cancelling, simplifying and using=2zfreq/c gives a new and more accurate classical
formulae, Equation (2.1.13), that does not requitenerical methods to solve.
Equation (2.1.13) is suited to resonators in whiehchamber dimensions are greater
than/16 of the wavelength.

S
freq= < P

2 1
(\/cl p +§Sp|—c2)

(2.1.13)

An advantage of the transcendental equation isahifity to predict higher order
resonant conditions caused by the interior dimerssaf the chamber. Figure 2.1.6 is
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included to illustrate the deviation caused byrngkhe first term, traditional, then the
first and second term, improved traditional, anstathe transcendental. The first
two are unable to predict higher order harmonimgedue to their monotonic decay,
but they show the classical and improved classiqahess for low values L.

(KLe<1).
()
kel
2
'S
g
=
(2]
8
c
Q
0
g
E —*— cot (kL)
0 64  |——u1k
8 1 —— 1/KL-(KL)/3
-10 -
kL
Figure 2.1.6 Three methods for determination of resnant frequency using traditional (L/kL),

improved traditional ( 1/kL-[KL] /3) and transcendental ¢ot[KL]).

Key concepts in Helmholtz resonator design

Frequency increment times can be kept linear fallsirequency sweeps.

Port length extension is very difficult to calc@aising theoretical techniques
and is better found using empirical techniques.

Ensure low values dfa (wave number multiplied by port radius) to prevent
excessive radiation resistance from the port.

Q factor can be improved by minimising internatfion resistance in the port
and chamber.

Compromises are necessary to balance port surfaeeta Q factor. High
surface areas increase boundary layer losses vehaigh Q factors require
long narrow ports.

Keep sound pressure levels and frequencies lowvitad aturbulence and
jetting in the port.

Keep the port centred in the chamber (non-eccégntoicallow predictable
flange factor effects.

Chamber and port lengths should be kept ufvgeof the resonant wavelength
to avoid lumped parameter violations.

Chamber shape should be kept regular to prevenigai@internal impedance
with length.

Multiple ports should be avoided where possibleestsa ports decrease Q
factor and increase boundary layer losses in thie po

When using port and chamber lengths longer thag of the resonant
wavelength either transcendental or improved Heltaheuations should be
used.
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Chapter 3

Resonance hunting for volume
determination
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3.1 Introduction and summary

The focus of this investigation was the use of dntheltz resonator for volume

determination. It was not to repeat research intml&mental properties of Helmholtz
resonators. Ingard (1953), Chanaud (1993) and ®thave previously conducted
much research on Helmholtz resonator geometrieesaribed in Chapter two. Most
acoustical work involves modelling using variouseatisations. Inaccuracies and
inconsistencies are still present even in moddlsgusmall, finite element analysis of
a well defined system, such as those conducteclayriet and Lee (2003). Therefore,
the focus in the methods developed has been empiather than theoretical.

To date only a small number of studies have usednaors to measure volume.
Therefore, a comprehensive method was requirechvestigate how resonance is
affected by the inclusion of solid, liquid or grdswumaterial within the resonant
chamber. Previous studies, such as Nistgizial. (2001), used limited acoustical
excitation methods and focused on a narrow cordigum, in which accuracy was
compromised to measurements of approximatéfp+

An apparatus for testing factors affecting volumeasurements using Helmholtz
resonance was designed and built based on a tHormwgstigation of existing
Helmholtz resonator literature and the mathematescribing acoustical systems. Of
principle interest was creating resonators witheay\high Q factor (Quality factor).
The higher the Q factor the better the resolvabilif frequency and hence
determination of sample volume via the Helmholtzuatpn. To allow rapid
determination of frequency, various resonant hgntnethods were employed to
reduce the scanning time.

Accuracy and speed of measurement for a givenraysi# depend on the method of
application of an acoustic source. For this reasareral novel approaches were used
to ascertain their suitability for this investigati When speed of measurement is an
important factor there is insufficient time to sweahlrough a broad frequency range to
isolate the resonant frequency. Methods involveabsing the resonant system to an
array of frequencies either in succession, simattasly or at a single frequency.

Initial stages of the investigation were concemth characterising the fundamental
resonators in terms of repeatability, effects ¢ $ound source, temperature and
environmental considerations. Variations in resonabnfigurations were also tested
to isolate factors contributing to resonator perfance. These included symmetric
and asymmetric ports, flange material at the paitm and dual port resonators.

The accuracy of volume measurement depends on tatape since the speed of
sound changes significantly with temperature. Tioeee all frequency measurements
were associated with a temperature, at the timenefhsurement. An appropriate
temperature factor was used in calculated volurnesnsure accuracy under varying
temperature conditions. Effects of air pressure dedsity tend to counteract each
other in regard to effects on the speed of sounals(&r and Frey, 1962).

Resonant volume measurements progressed to liggotlds and granular materials
after careful development of a resonant huntingcgadare and detailed analysis of
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contributing factors in resonator performance. et investigative work was

conducted on chamber mapping a dual port resondtbra spherical sample. This

extends early work by Leungt al. (1981) and Barmatet al. (1982) on chambers

containing a rigid sphere. Nishizit al. (2001) in their pioneering work describe a
‘sweet spot’ measurement region in a Helmholtz meswr where port interference
effects are negligible.

In the interests of completeness, a number of é@xgeets were developed to
investigate air leaks on a resonant system. Theadif is highly dependant on a
sealed chamber. Any small air leak will cause diggut acoustic resistance to the
oscillatory pressure in the chamber. In a commemiplication of this method it

would be useful to identify such air leaks by thkirown effects on the resonant
system.
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3.2 Equipment and samples

Software algorithms and functional block diagramesgiven in Appendix B. Full
mechanical drawings of all experimental apparatasraAppendix E.

3.2.1 Resonators

A set of general purpose resonator components wereufactured to investigate
resonant volume measurements. By designing integdable resonator end-plates
and port-plates a wide variety of configurationauldobe tested. These included
variable chamber volume sizes 1L, 2L and 3L, bysstuiing in different chamber

tube lengths, variable port lengths by switchingt pdates (51mm and 170mm) and
the dual port configurations by adding a second jplate, Figure 3.2.1.

Fastening rods

Microphones [ |
Removable port plates .

Removable end plates D

Chamber Port ; 44mm

190mm 1 70mm

Figure 3.2.1 a) Photo of standard single asymmetrigort resonator with blanking plate on
bottom face having a 3L chamber (140mm internal dimeter), 170mm long port
with an internal radius of 44mm and b) schematic digram.

Chamber end plates were O-ringed to seal agaiesttamber tube as well as the port
plates. Any air leaks between these components dvoalise variability in the
resonant frequency. Port plates and chamber erniégsplaere fastened using a
combination of threaded rod and threaded studsregcwith wing nuts. The
advantage of this system was rapid and easy swgcbi chamber sizes and port
configurations.

All parts were made of clear Persp&X150mm diameter, 5mm thick walled tube and
12.5mm thick flats for end plates) to allow easychiaing and visibility of samples
within the chamber. Ports were made of extrudedrBGtuminium tube with a 3mm
wall thickness giving an internal port diameter fmm. Chamber lengths were
63mm, 127mm and 190mm to give chamber volumes oRLland 3L respectively.
An uncertainty analysis was undertaken in Sectignl3to ascertain machining and
part tolerances.

Single port configurations were used to test adaemge of sample types described in

Sections 3.2.12 to 3.2.14. In these instances dingple was not required to pass
through the port. Samples included granular mdtdrguids and solids of varying
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shapes and surface textures. The single port chamvere also tested with
symmetric and asymmetric port mountings, Figure23.2nd two port lengths.

Figure 3.2.2 A) Single170mm asymmetric port plate B51mm asymmetric port plate C)
170mm symmetric port plate

The dual port resonator could be assembled and tosenwestigate sample location
effects within the chamber. A dual port resonatufiguration with two short 51mm
ports will keep the resonant frequency in the saamge as the 170mm single port
variation. The addition of an extra port will cauae effective increase in cross
sectional area of the port. The main disadvanté@® @ncrease in cross sectional area
is a reduction in the Q factor of the resonatobl&e3.2.1 is presented to indicate
possible assembly combinations for both single dodl port configurations. Q
factors were calculated via Equation (No.25), B&sjaations.

Chamber size (L) Port length (mm) Port type Predicted Q

3 170 asymmetric 527
3 170 symmetric 505
3 51 asymmetric 139
3 Dual 51 asymmetric 59

3 Dual 170&51 asymmetric 149
2 170 asymmetric 430
2 170 symmetric 412
2 51 asymmetric 113
2 Dual 51 asymmetric 40

2 Dual 170&51 asymmetric 122
1 170 asymmetric 304
1 51 asymmetric 80

1 Dual 51 asymmetric 28

1 Dual 170&51 asymmetric 86

Table 3.2.1 Fourteen possible resonator combinatisrpossible using available chamber

sizes, port lengths and port types.

3.2.2 Microphones

PCB103A piezoelectric microphones were used inegfierimental work. In single
port configurations with a 0.17m port two micropbenwere used, the first spaced
20mm from the port opening, and the second wasreembunted in the chamber
base, Figure 3.2.3. In dual port configurations geeond microphone was placed in
the same position in the second port, 20mm frormtbath of the port. This allowed
comparison of both ports when an object was mowimgugh the chamber. Data
sheets for the PCB103A microphones are presentagpendix E.

The PCB microphone outputs were calculated usimgniieasured voltage signals
from the PCB microphones referenced to a 1-volresmuThis gave signals in dB

38



using Equation (No.13), Basic Equations. This d#f’om Chapter 4 results, which
are referenced to a calibrated source as desdrnbagdpendix D, giving microphone
signals at standard dB levels.

20mm

— [

Figure 3.2.3 Microphone locations on resonant chands, able to measure port frequency and
chamber frequency independently.

Microphone 2

T~

Microphone |

3.2.3 Data Acquisition (DAQ) Hardware

A National Instruments PCI 6221 M seri@®AQ card was used for the signal
generation and analysis from microphones and tesiyrer sensors. It was also used
to generate both white and pink noise used in bspmdtrum signal generation,
Figure 3.2.4. The speaker was located 400mm from rdsonator with the
microphone opposite the speaker.

! Resonator E : E
1 Speaker ﬂ ) T Speaker i
: Computer P Resonator i
i Bl ‘
: m DAQ Q b ' i Microphone |
, o b :

[ L P H
Audio amplifier \— — Pl s I
E A b 400mm B

Figure 3.2.4 A) Schematic of hardware components ad in experimental setup. B)
Resonator alignment and distance from speaker.

3.2.4 Temperature sensors

Speed of sound temperature compensation was prbvigean inbuilt resistive

temperature devicdr{TD) in the NI BNC-2120 connector block. TRED was able to

give linear temperature measurements to a precigio.1°C. Calibration of the
temperature sensor was via a calibrated Hart StteeR{TD temperature meter model
1502A.

3.2.5 Software

Software was specifically designed using Nationatruments LabVIEW™ and used
extensively in this investigation to generate aoguére frequency data. LabVIEW™
contains tools specifically for time dependent laggof frequency information (Fast
Fourier Transforms - FFT) as well as detailed ailly tools for post processing
results. Full details of software algorithms aneegn Appendix B.

In procedures requiring an accurate resonant fre;yudetermination a three-stage-

hunting algorithm was developed. First pink noisasvapplied to the resonator to
establish an approximate resonant frequency. Omterrdined, a 2Hz frequency
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sweep was used to further isolate the resonant. festly, a very narrow 0.1Hz
sweep was applied to detect the resonant frequerecyprecision of 0.005Hz.

Software was also developed to control a STP10@p8temotor controller from
PONTECH (San Dimas, California, USA) for the precpositioning of a sample in
the dual-port resonator.

3.2.6 Pink noise

A method employed extensively by Chanuad (1997), quackly locate the
approximate resonant frequency, was to use broadijpimk) noise. Pink noise
consists of random frequencies of equal powes dlifferent from white noise, which
consists of random frequencies of random powers Tinethod of using broadband
noise was also used, but to a lesser extent, antee] Dickey and Novak (1995) for
rapidly analysing resonant frequencies.

The advantage of using pink noise is equal powangtgiven frequency. Therefore,
the frequency domain output looks roughly like epstunction, equal power at all
frequencies. Any resonance should then be obsemged peak in the frequency
domain.

3.2.7 Chirps — Frequency sweep

The chirp, or frequency sweep, is a way of meagutire resonator’s response to a
changing driving frequency or forcing function. $hinethod is limited by the time
required for the frequency determination, generdéylonger the period of frequency
stability the greater the accuracy of the measunéniherefore, the speed at which
the frequency is ramped from an initial frequenaythe final frequency must be
determined by the required frequency resolutioegbiency measurements are made
using a Fast Fourier Transforms (FFT) algorithm.

To avoid excessively long sweep times the sweegeramust be kept to a minimum.
If the rough size of the object can be determingadther means then the frequency
range required to sweep is greatly reduced. Foa tbason, square wave and
pink/white noise methods were used to rapidly gatlge approximate resonant
frequency. A repeated ‘chirp’ over a successiveyow range was then applied to
further improve the accuracy (resonant hunting).

The time taken for a complete cycle at a given desgy is a function of the

frequency itself. Therefore, the time spent at gingn instant producing a frequency
needs to be reduced with increasing frequency.example, at 100 Hz one cycle
takes 0.01 seconds, but at 1KHz it takes 0.001ngkco

3.2.8 Square wave

One possibility for isolating the approximate vokirwas to apply a square wave
containing odd harmonics of the fundamental. Thed&mental frequency will
determine the spacing between the harmonics. Bpetisg the Fast Fourier
Transform (FFT) a disturbance in the decaying peaggears near the resonant
frequency. Everywhere else the harmonics shoulthlse predictable regular decay
pattern with increasing frequency. A perturbatiorthie square wave harmonic decay
may be evident even when a small acquisition tisnesed to inspect the harmonics,
Figure 3.2.5.
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It is expected the harmonic peaks in the frequesmgctrum will broaden as the
acquisition time is decreased. This broadening Ishoaot alter the frequency peak
location, only its resolvability. So long as tharhanics are sufficiently separated in
frequency, the peaks need not be resolved to higtigion.

Amplitude Amplitude
A ﬂ A
Resonant
_’ amplification
A i B
Frequency Frequency

Figure 3.2.5 A) Decaying regular spacing of harmogifrequencies present in square wave.
B) Expected amplification of harmonic near Helmholt resonant frequency.

3.2.9 Loudspeaker

The primary sound source for this investigation wasfull range, eight-inch,
polycarbonate cone driver in an infinite baffle lesare. The enclosure was optimally
designed using Thiele (1971) and Small (1972) depayameters (See Appendix C).
This ensured a reasonably flat response over tigeraf frequencies used, typically
between 60Hz and 500Hz. The distance from the ssondce to the resonator was
kept to 0.4m. This is the distance at which thengosource behaves like a point
source. The distance of equal intensity is propodi to kaSir®, wherek is wave
number (nT), ‘a’ is the speaker diameter (m) afdthe angle (radians) from the
centre. Frequency and linearity response for theddpeaker used are given in
Appendix D.

The enclosure was lined with sound absorbent palyawnaterial and made from

25mm thick medium density fibreboard. All joints nerebated to give maximum

strength. Corners on all faces were rounded toimdite secondary fringing effect that
can cause interference patterns with the primamdaource. The loudspeaker was
flush mounted with the face panel for the sameaesis

3.2.10 Pulley apparatus

A stepper-motor driven pulley system was desigreedatilitate the moving of an
object through the dual port resonator. The pulkypstem would allow the
investigation of resonance as a function of sanpglsition, both in the radial and
axial orientations. The pulley apparatus was maiile adjustable feet to allow easy
levelling of the height. In addition the supponnarat the rear of the mounting plate
were made adjustable to facilitate correct angtevben plate and base.

Figure 3.2.6 shows the vertical orientation of thel port resonator with pulleys

above and below for correct sample alignment. Alsown is the pulley pinch roller
assembly designed to maintain sample position dustapper transitions. The main
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supporting back plate is approximately 500mm higd 400mm wide. The over all
length of the dual port resonator is 300mm.

Resonator Pulleys

Pinch roller

Figure 3.2.6 Vertical arrangement of dual port resaator showing pulleys above and below
to locate sample.

A second function of the pulley system was to emdbé investigation of off-centre
effects of a sample at different radial distanceseen in Figure 3.2.7. The sample
was stepped from the top of the chamber wall tobbtom at different horizontal
locations. The chamber has small holes drilled theosides (not shown in figure) to
allow a fine steel cord to pass through. Other fiétg alternative positions were
blocked off.

Various
pulley
location
holes
Resonator—
Figure 3.2.7 Horizontal arrangement of dual port 3Lresonator showing pulleys above and

below to locate sample. Also shown are placementlbe for pulley support posts
allowing multiple horizontal placements to be invesgated.
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The combination of vertical and horizontal measwgets allowed a three dimensional
map to be generated of object location effects iwithe chamber. Only radial and
axial planes were investigated due to chamber syrgme

3.2.11 Stepper-motor

The stepper-motor is of type Sigma Industries M@feR223D-24210 taken from an
XY plotter and driven by a STP100 stepper-motorticler (San Dimas, California,
USA), connected serially to the controlling compuiéhe stepper-motor is capable of
400 steps per revolution. A total sample displacgmé250mm was required, which
equates to 2.7 turns on a spindle 30mm in diamétes results in step intervals of
Imm.

3.2.12 Solid samples

Solid sample consisted of spherical and cube sangblearying size. All are given in
their water equivalent displacements. Sphericalptarsizes by volume were 1mL,
2mL, 7mL, 9mL, 23mL, 42mL, 46mL, 118mL, and 278nilhe diameters of these
spheres were 23.85mm, 25.40mm, 35.50mm, 41.63mmb5d¥n, 60.85mm, and
80.97mm respectively. Cube volumes were 2mL 18n®3nil, 215mL, 430mL,
645mL and 860mL. By assembling combinations of 2h8mL cubes the last three
cube sizes could be acquired.

Volume analysis of spheres and cubes was perfobyedkight rather than measured
dimensions with the exception of chrome steel ba#rings, which were sufficiently
regular to allow direct calliper measurement. Sncalbe samples (2mL to 133mL)
were made of aluminium (density, 2699kd)mlarge cube samples (215mL to
860mL) mild steel (density, 7874kg/inSpheres were a combination of chromed ball
bearings (measured by diameter not density), glaagbles (density, 2520kgfn
machined aluminium and mild steel. Spherical saniptd., 46mL, 118mL were
chrome steel; spheres of 2mL, 9mL, 23mL were glaks, 42mL sphere was
machined aluminium and the 278mL sphere was maelstAluminium and Steel
density sourced from Hallidagt al, 1997. The glass marble density was measured
using the buoyancy apparatus described in Chaptection 4.3.3.

3.2.13 Granular samples

Table 3.2.2 provides details on granular materidk lwensity, particle density and
mean sizes. As seed and the plastic pallet vagediderably their values are given as
approximate only.

Sample type Bulk density  Particle density Mean
kg/m?® kg/m?® diameter mm
Sand 1283 2540 0.166
Small ballotini 1449 2473 0.261
Large ballotini 1454 2489 0.713
Panicum seed 688 1720* 1.5*
Rape seed 662 1260* 2*
Plastic pellets 592 1120* 3*
Small marbles - 2520 15.83
Large marbles - 2520 24.81
Table 3.2.2 Bulk density and particle density infomation for granular materials. '

indicates approximate only.
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3.2.14 Liquid samples

Tap water was used as an example for liquid measanmes due to it being readily
available and having well defined characteristitss known to change in density
with temperature by a small amount. This could eaesors when using it as a
calibration medium. During various calibration caonted in Chapter 3 the
temperature range was 10°C t015°C. Water for eaidhr was allowed to equilibrate
with respect to temperature and de-gassed for twwshprior to use for calibration.
Table 3.2.3 gives typical values for water denskgr a temperature of 15°C this
could lead to a maximum uncertainty of +2mL at amber fill of 2L. Quantities of

water were measured by weight using asset of Mé&#6000 scales 0t1Q).

Temperature °C  Density kg?m

10 999.7
15 999.1
20 998.2
25 997.1

Table 3.2.3 Change in water density with temperatwe (Lide, 1990)

By using an O-ring sealed solid piston barrierdiferences between a liquid surface
and a solid surface could be analysed. The heifhh® solid piston could be
manually adjusted to reproduce water fill heigftserefore, the effect of surface of
the water could be directly assessed.

3.2.15 Acoustic barrier disks

Steel flat (0.6mm) disks of varying diameter wesedl as acoustic barriers. They
ranged in diameter from 20mm to 120mm (20mm, 4080mm, 80mm, 100mm and
120mm). A 1mm diameter stem was used to supportdibks in the resonant
chamber. The stem had an interference fit and nserted through a specific blank
port plate mounted on the resonator base.
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3.3 Methods

3.3.1 Characterising the fabricated resonators

A number of tests were needed to find the optimasomator location with respect to
the loudspeaker location. Base measurements ofetb@nant frequency for each
port/chamber configuration were also taken, withimernal sample. The optimum
location for the sound source is one where the igoniot located in an interference
lobe of acoustical loci caused by intrinsic chagdstics of the loudspeaker used
and/or the chosen frequency. Lobes are regiongjudlesound intensity that radiate
away from the loudspeaker (See Appendix C, Sedtjon

A number of tests were conducted using a broaduéecy sweep with different
environmental configurations. This was necessayha sound source is not coupled
directly to the resonator. The environment in whiekting was conducted can have
secondary resonant properties that change wittpan door or similar.

The sound intensity attenuates at a rate propaititm 1%, wherer is the distance
from the sound source; hence even at short distaattenuation can be considerable.
Other variables such as surrounding fixtures amtheeis provided moderate acoustic
absorption and were maintained, where possibleugirout testing. Ambient sound
levels for experiments were measured using a Rieasund Level Meter model 42-
3019 on the dB-C setting (Typical sound levels westveen 80dB to 90dB). dB-C is
a flat filter response to frequency, 50Hz to 10kHmt indicates true sound level not
perceived sound level such as dB-A and dB-B.

The various resonator configurations were testedagoertain how closely they

matched theoretical calculations using the standdelimholtz equation. These

experimental values were then used as the stamdéuds against which subsequent
experimental work was checked.

3.3.2 Repeatability of measurements using resonator

Repeatability of base measurements needed to lablisked, as accuracy was
important factor of this investigation. After findj the optimal sound source location,
repeatability tests were carried out by assemldimgj disassembling the equipment in
all possible experimental combinations to be used.

Repeatability was extended further to include almemof calibration samples having
well defined geometry (See Section 3.2.12). Thesesisted of large cubic steel
blocks that could be arranged in combinations f&fmL to 864mL. Repeatability
was also checked using spherical steel and glass dfasizes; 1.07mL, 7.06mL,
22.45mL, 42.05mL, 45.83mL and a 278mL (See Sec8dh10). Samples were
placed in the centre of the chamber to maintainnsgtry between the sample and the
chamber.

3.3.3 Temperature effects

Temperature changes the speed of sound as desbibeéduation (3.3.1) (See also
Appendix A, Section 1). To test whether this equatiould be used directly with the
existing Helmholtz equation a number of measuremehfrequency and temperature
were made over a range of steady state temperatitftesin unchanged chamber and
port.
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-
S =1/y& = [ Peleme (3.3.1)
Po M

wherec is the speed of sound at a specific temperagusethe ratio of molar specific
heats,py is the primary pressurgg is the primary densityRR. is the universal gas
constantTempis the temperature in Kelvin amdlthe molar mass of air.

From Equation (3.3.1) it can be seen that the spéadund will be proportional to
the square root of temperature in Kelvin. For coneece and ease of use in software
algorithms the effect of temperature on the spdesbond can be approximated to a
high degree of accuracy using the linear form 33#0/587emp for temperature
ranges between 8°C to 24°C. Therefore, a gradi®8D.m, would be expected for
changes in the speed of sound occurring withinpbe as measured by the PCB
microphone. These measurements would allow congrarisf theoretical and
experimental temperature gradients using the Hdlmmesonator Equation (No.21)
from Basic Equations.

3.3.4 Calibrating the asymmetric single port resontr

Calibration was conducted using the 3L resonatdh & 170mm long asymmetric
port (all port material external to the resonatdt)is configuration was the primary
resonator used in the majority of experimental wtrlit followed due to its large
chamber size and high Q factor (Quality of resoeand@he large chamber size
allowed a bigger range of sample volumes to beietiuahd the high Q factor allowed
measurements of resonance behaviour of samplesdgiaigh sound absorption.

Fill fractions and calibration were investigated fmpgressively filling the chamber
with water (Figure 3.3.1). The water had the samwiant temperature as the
experimental equipment and was allowed to equikbaamd degas for 2 hours prior to
use. This was to minimise temperature differentéald to allow dissolved gases to
escape. The calibration temperature was 15°C itdgcghere should less than 3mL
uncertainty due to changes in water density with litves of fill.

Using a Mettler PE6000 set of precision scalesyrlO@mounts of water were added
to the chamber and the resonant frequencies angktatare recorded. A fill fraction
versus detected resonant frequency curve could tieeplotted and compared to
theory. Successful calibration results would alltheoretical back-calculation of a
sample’s volume, when placed in the resonators bkamSee Basic Equations,
Equation (No.22).
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Figure 3.3.1 Photo (left) and diagram (right) of vater filling of 3L chamber with 170mm,
asymmetric port used for volume calibration.

A second testing method was carried out with tisemator in the horizontal position.

Again water was used in filling the chamber in 1@0amounts. Being horizontal the

fill level rapidly approached the port and limitdte maximum volume to 1000mL.

This test would reveal how obstruction of the ingdrflange affected the Helmholtz

equation for calculating chamber displacement. &hests would also be used to
assess the suitability of making measurements \lemesonator is in the horizontal
configuration.

With the resonator again in the vertical orientatprecision-machined angular steel
blocks, two cubes of 216mL and one rectangular 43®%mre used to provide linear
volume increases. Sample volumes were made upOGrol 216mL, 432mL, 648mL
and 864mL cubes. Sample volumes are given asdheivalent water displacement.
Resonant frequencies and temperatures were meamuleztbmpared with theoretical
calculations using the Helmholtz equation. Thestest these samples were repeated
in reverse size order and resonant values compatiedhe first test data.

With large solid objects, relative to the chamhbee sthe objects under test quickly
approach the internal port entrance. This will eatle resonator to behave in a non-
linear fashion if samples are within the end cdroeclength (See Appendix A,
Section 8). This occurs when the moving mass ofmathe port entrance becomes
restricted.

To validate water as a suitable calibration medausolid Perspex piston was created
that could be used to adjust the volume of thena®mw chamber. This piston was
adjusted to various heights and the volume compartddthe data collected for the

water calibration. If the water absorbed significamounts of energy or produced
significant quantities of water vapour within thieacnber during resonance this test
should reveal noticeable differences. However,gis¢éon could not be moved with

enough precision to allow millilitre comparisonsit lvould enable volume deviation

trends to be compared.

a7



3.3.5 Effects of port symmetry

The end of the port causes an increase in the tieffeport length by a factor
determined by the port diameter and its terminati@e. If the internal port is flush
with the chamber as in figure 3.3.2a, then thecéffe length should increase by
approximately 8/8 times the port radius (Kinsler and Frey, 1962)cdntrast, for an
un-flanged port there ought to be an increasefect¥ve length of about 0.6 times the
port radius (Figure 3.3.2Db).

(@) (b)

Figure 3.3.2 (a): Flanged internal and un-flanged>dernal port, asymmetric. (b): Un-flanged
internal and un-flanged external port, symmetric.

The aim was to confirm the flanging effects of pawhfiguration by comparing both

internally flanged and un-flanged ports of 170mnaiBL chamber with a 44mm port
radius. This would complement experimental work@Giyanaud (1993) and Selamet
and Lee (2003) who investigated port geometriespamtdsymmetries respectively.

When using water for chamber filling, data werehgaed on the resonant frequencies
at various water heights using the symmetric angmasetric port placements.
Because of the port intrusion for the symmetricfigumation only limited filling
could be achieved before the water height apprabttieeinternal port.

3.3.6 Effects of sample irregularities

Kinsler and Frey (1962) suggested that resonammélégimot be a function of chamber
cavity shape except at higher harmonic frequeneiels above those tested for. To
test this assumption a simple comparison of spalkeand angular samples was
conducted (See Section 3.2.12). Data gathered measuring the volume of cubic
steel calibration samples was compared to thosg ssmilar spherical volumes.

To test the effects of an acoustic barrier six tf6mm) flat disks of varying
diameter, 14% to 86% of the chamber diameter (2@amd&20mm), were used in the
resonant chamber and the change in resonant fregueoorded (Figure 3.3.3). To
further investigate barrier effects, the resonagiency was also monitored for each
disk at eight heights ranging from 20mm above thendber floor to 20mm from the
interior port opening. In this way the affect of acoustic barrier was analysed free
from a volume induced frequency change. Measuresmemtre made at constant
temperature to further isolate only barrier effecihie resonator configuration
consisted of a 3L chamber and a 170mm port witiameter of 44mm.
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Figure 3.3.3 A) Photograph of one of the six flatidks (20mm diameter) used to isolate
surface area effects from volume effects. B) Diagna of resonator housing a disk
of variable size and position.

3.3.7 Measurement on granular materials

It was unknown how granular materials in the chamieuld affect the overall
measurement accuracy. Nisizu’'s (2001) study mestithe use of rice as a test
material but gives little details of its effect sasonance. A number of granular
materials were tested using the single 170mm losgmenetrical port and 3L
chamber. These included sand (186 mean size), rape seed (2mm mean size),
panicum seed (1.5mm mean size), plastic pelletan3mean size), glass marbles
(mean size 15mm and 24mm) and ballotini (mean &&gm and 718m). The
plastic pellets were disk shaped, 3mm in diameger.8mm high, but are expected to
behave similarly to 3mm spheres.

The quantity of attenuation/mm depth for each sammpaterial can be calculated by
comparing the port/chamber microphone levels. Maaild indicate how far the
sound penetrates into the granular material. Byguailarge range of particle sizes it
was hoped trends might be observed that would aldower limit of particle size to
be predicted. Sound absorption and retransmissiorgranular material is an
extremely complex phenomenon and it was not the @afinthis investigation to
conduct extensive research into these effects, lynergauge the effect of acoustical
penetration and suitability for resonant measuregsen

Steel disks, the diameter of the chamber, wereedoat the previously mentioned

granular materials and were attached to the top &dahe Perspex piston used for
variable chamber volume testing. The coatings veere layer thick to prevent any

depth attenuation. A water-based glue (poly virgdtate, PVA) was used to adhere
the materials to the disk. The purpose of theses teas the separation of granular
surface effect from those of acoustic attenuatidth vgranular bed depth. Three
magnets within the piston allowed the coated mdisks to adhere to the piston
surface. The piston was moved to a range of heitfteseby replicating granular

materials fill heights, Figure 3.3.4.
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Figure 3.3.4 A) Photograph of the adjustable pistomithin chamber and B) Schematic
diagram. C) Photo of embedded magnet within pistonsed for retaining steel
coated disks. D) Photo of ballotini coated disk.

The coated piston may then allow accurate volumasmnmements of small amounts of
rapeseed, panicum and plastic pellets in the lhnasr, independent of attenuation
caused by the depth of the granular bed matergihdthe 1L resonator achieves the
best filling ratio for the small sample size. Tretirle volumes and density for these
materials are unknown and only rough values cangaered through manual
measurements of a large number of individual padiclf a small volume of bulk
particles could be measured and weighed, a morgaecvolume and density may be
determined for each.

To this end 50mL of these three granular sample® \p&aced in the 1L resonator
with a 170mm asymmetric port. Using the smallesiantber would result in the

highest accuracy for the small quantities of thesserials. It was observed this
guantity was sufficient to coat the base of themtdber without causing any bed depth
attenuation.

3.3.8 Effects of air leaks on resonant frequency anQ factor

Air leaks were tested for using the 3L chamber add@Omm asymmetric port having
a 22mm internal radius. Ten 0.8mm diameter hola® wglled in the chamber walls,
five on each side to function as air leaks. Thesolere spaced at the centre, 32mm
above and below the centre and 64mm either sitleeatentre. These locations would
allow experimental testing of holes at differenigihés and interference between holes
on opposing sides, Figure 3.3.5.

Testing started with no air leaks and progressesh fone to ten air leaks by adding
additional air leaks on opposite sides startinghattop and moving downward. Q
factor was recorded to aid in gauging the effediofeaks on accuracy. A broadening
resonant peak would lower the achievable accuracy.

The holed 3L chamber was initially created to allawhin steel cord to pass through
that was used to support the ball in resonant ckeamapping. Air leak testing would

determine whether it was necessary to block adjabehes when testing was

conducted in the ‘radial sample location experiraeint Section 3.3.9.
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To gauge the effects air leaks can have on a Hdtmbesonator, a resonator adaptor
plate was made so the air leak hole size couldabed from 2mm diameter to 10mm
diameter (2mm, 3mm, 4mm, 5mm, 6mm, 7mm, 8mm andniPrAn adjustable disk
allowed the unused holes to be blocked. As thetadapate is 12mm thick, boundary
layer effects are expected to be significant fa $imaller air-leak sizes of 2mm to
5mm (See Appendix A, Section 9).

3.3.9 Effects of sample position on volume measuremts

A number of experiments were conducted to createsanant frequency map of
sample location within the chamber, using the pulipparatus and the 3L dual 51mm
port resonator. Static measurements at fixed loeati would allow better
understanding of dynamic volume measurements.

A spherical aluminium ball sample of 41.63mL (43ndmameter) was adjusted in
both the radial (one location at a time) and thaladirection through the chamber
using the pulley apparatus and the 3L dual pordona®r, Figure 3.3.5. The feed
spindle diameter was chosen to give steps of 1mmorie step of the stepper motor
(+0.12mm total uncertainty for any given positionpiiy so allowed investigation of
resonant trends with varying sample positions.

32mm
——> T

< >

32mn

Figure 3.3.5 (Left) five positions for a sphericabample moving through the resonator
vertically. (Right) horizontally adjusted spherical sample. Both configurations
are driven by a stepper motor to create resonant n@ping characteristics for
the dual port resonator.

Of principal interest was the effect of object lbea on accuracy. Changes of the
resonant frequency when compared to its valueancdntral position would indicate
a non-ideal measurement location. A location catibn procedure was performed at
the start of each test so the repeatability of $armpfcement could be confirmed.
This would negate any cable stretch and steppeomstippage, which could cause
possible uncertainty in sample location. At the efaach test the sample position
was then rechecked at the initial position.

The optimum measurement region within the chambethe area where sample
location does not change the resonant frequencig Virtual ‘bubble’ within the
chamber also represents the largest object thateameasured.

3.3.10 Controlled decent using a dual-port resonat@nd resonant hunting

Initial free falling sample measurement experimesigsted with a controlled decent
of the 41.63mL aluminium ball sample moving vetlicghrough the dual 51mm port
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3L chamber resonator at 1mm/s. Decent speeds wereased up to a controlled
maximum of 200mm/s. Finally, complete free fallt$asere conducted.

The three step resonant hunting method was apfi¢de resonator to gauge how
effective it was determining the sample volumehlatterms of accuracy and speed.
Free fall response was then tested by allowindmlZ.(23.85mm diameter) steel ball

bearing to free fall through the chamber while camus measurements of frequency
were taken utilising narrow band chirps.

3.3.11 Measurement of port flanging effects

An early study by Ingard (1953) indicated the néedietermine precise values for
length extension factors for the ports used. Th&s wecessary to allow accurate
calculation of the sample volume using the standigehbinholtz equation with length

correction, Equation (No0.22), Basic Equations. Btammaterial was added to the
external port to vary the port length extensiontdgcFigure 3.3.6. A graphical

mapping of port length extension to flange ratioswacquired by holding the

environmental temperature constant and using flaogeort diameter ratios ranging
from 0.136 to 6.818. Port lengths of 51mm and 170wene used to ascertain two
different rates of change in length extension fanying flange diameters.

] -
Port flange
materia
Chambe
]
<
Virtual flanged
port length
Figure 3.3.6 Flange material added resonator port-lange material will alter the virtual or

effective port length.
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3.4 Results

3.4.1 Characterising the fabricated resonators

Early testing using square wave signals to lodateapproximate resonant frequency
proved unsuccessful as the odd harmonics regutarfycided with second and third

harmonics caused by the chamber’s physical geonaetilyartefacts associated with
the environment. This resulted in unusual dips @eaeks occurring in the square wave
harmonics. These were often larger in effect thengdrimary resonant frequency of
the resonator. Therefore, this roughing methoaaoéting the resonant frequency was
abandoned in favour of the pink noise method.

An uncertainty analysis of the 3L resonator compdsmevas undertaken (Figure
3.2.1). The extruded tube diameter of the portdadriation of less than 0.1mm. The
port length uncertainty was less than 0.1mm. Othesnufactured Perspex
components were created in a computerised numeacdioller (CNC) lathe, which
was able to machine details to a tolerance of bt 0.05mm. O-ring compression
and chamber flexing were the main factors in regisbity discrepancies. The Perspex
tube used for the chamber was 5mm, with5mm in wall thickness and 140mm
nominal internal diameter. The Perspex tube redsignificant flexing to fit it to the
machined round end plates. O-ring compression enetiid plates was not complete
when assembled and resulted_i®.5mm height variation. This gives a worst-case
volume uncertainty of 29mL or 4.42Hz for a 3L chamber. Measured uncertainty
and repeatability results are included in Secti@n23

Ambient conditions played an important part inisgtia base line from which results
were collected. A number of early tests revealeédngbks in the resonator's
environment changed its response sufficiently torava careful replication of the
environment for future measurements. The dimensidriee room used were 2.4m,
3.3m and 2.4m, for width, length and height respelit Results for changes made to
the two doors within the room, ope®)(and closed(), are shown in Figure 3.4.1.
Door A is 0.76m by 2m and dod is 0.72m by 2m. Results are presented at a
constant temperature of 15°C. An invalid measurémegion exists between 90-
95Hz where signal levels are too low to be measured

A significant attenuation change occurred as meali the resonator port caused by
having a closed room to that of an open one, Figutel. Environmental effects can
be over-come with an anechoic terminated couplen@or and sound source
configuration. But these all require additions tbah create undesirable secondary
effects such as unusual port coupling effects emesad by Selamet, Dickey and
Novak (1995). It is to be noted that only a chamgemplitude occurred with an
environment change, not a change in the resonaguéncy. But for consistency of
measurement the same environmental configuratios wsed throughout all
experimental work that followed. Accounting for @mmwmental factors led to the
development of environmental normalisation curvesgnted in Chapter 4.
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Freq (Hz)

Amplitude (dB)

Figure 3.4.1 Attenuation in peak amplitude causedychanging experimental environment,
where ‘A’ and ‘B’ are door A and B and ‘O’ and ‘C’ are open and closed. 3L
chamber with a 170mm long, 22mm radius asymmetric qrt

Frequency results were checked for a number oérifft resonator placements: 1)
upright, 2) on its side, 3) port facing the loudsier and 4) the port 90 degrees from
the loudspeaker. There was no significant diffeeeimcresonant behaviour between
the resonator in the upright position and the lmial position with the port at 90

Degrees from the sound source. When the port wasgfanto the sound source a
small reduction in the resonant frequency was ofeskrThis reduction was typically

about 0.1Hz less than the other configurations.

Further tests with the resonator in the uprighitmosshowed that the resonator could
be moved between 200mm and 600mm from the sounctesauth no detectable

change in the resonant frequency. Additionally,ngfes in the ambient sound level
incident at the port, from 74dB-C to 86dB-C, hadnaticeable effect on the resonant
frequency. This behaviour is consistent with theorator located in the main

acoustical lobe of the loudspeaker (See Appendiection 4).

Changes in microphone placement orientation witfam to sound source location

showed no noticeable changes in either resonangudrey or its corresponding

amplitude. These tests were at four rotational es)gD, 90, 180 and 270 degrees,
referenced to the loudspeaker at horizontal anld aviport to loudspeaker distance of
400mm.

3.4.2 Repeatability of measurements using resonasor

Using the 3L chamber, ten assembly/disassembly tesire undertaken and the
predicted volume with temperature compensation @eth These results gave a
maximum variation of 3mL between the highest andelst value. Ten repeat
measurements were then taken of the empty chambieawmL variation occurring.
These measurements indicate better than predictedistency between separate
measurements and measurements involving disasseiibly resonator.

A number of tests implemented with different chambenfigurations revealed the
highest Q factors were those using the 2L and 3mdiers. These experiments also
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gave information on the suitability of using a conation of two different port
lengths. It was observed the 2L and 3L dual patmators with different port lengths
had lower Q factors than the 1L variation.

Theoretical Q factor determination method detaited\ppendix A, Section 3, gave
results an order of magnitude higher than thoserded through experiment. A Q
factor of 527 is predicted for the first chamberTiable 3.4.1, but in experiment is
found to be only 63.3. Similar non-agreement was for the other variations tested.
This is in contrast to the very good agreementrefligted resonant frequency with
experimentally measured frequencies. The discrepsinc Q factor are most likely
due to omissions in standard theory to includeousccoustic resistive losses.

Chamber size Port length (mm) Port type Measured Predicted Q
(1) Q factor factor
3 170 asymmetric 63.3 527
3 170 symmetric 62.2 505
3 51 asymmetric 53.0 139
3 Dual 51 asymmetric 47.0 59
3 Dual 170&51 asymmetric 41.3 149
2 170 asymmetric 67.6 430
2 170 symmetric 64.1 412
2 51 asymmetric 41.0 113
2 Dual 51 asymmetric 31.6 40
2 Dual 170&51 asymmetric 40.8 122
1 170 asymmetric 58.1 304
1 51 asymmetric 38.8 80
1 Dual 51 asymmetric 30.3 28
1 Dual 170&51 asymmetric 49.5 86
Table 3.4.1 Comparison of predicted Q factors, Equéon (No.25), and actual measured Q

factors, Equation (No.24), from Basic Equations. @actors were evaluated for
various chamber and port configurations at 20 degres C

Repeat tests on individual solid samples showede litvariation between
measurements. Spherical samples ranging in sipe dmproximately 1mL to 280mL
were each measured consecutively five times witly @an1mL variation. Rapid
successive measurements ensured marginal tempgerdtiit and allowed direct
testing of the sound generation and acquisitiotesysSimilar results were gathered
using angular cubic samples ranging from 216mLG&N3L.

There was a variation of approximately 7dB resonqe@k amplitude over the range
of different fill levels using water calibration tda Figure 3.4.2. The resonant peak
amplitude is the signal strength as measured atpthie at the systems resonant
frequency. The resonant peak differs from the Qofaas the Q factor is derived from
the two —3dB frequencies either side of the resbpaak frequency. Therefore, a
change in resonant gain does not necessarily dyeedtect the precision in
determining the resonant frequency.
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Figure 3.4.2 Resonant Frequency versus amplituderfincreasing water fill level indicating

changes in peak sound level. Tests used 3L chamheith 22mm radius,
asymmetric, 170mm long port.

3.4.3 Temperature effects

Increases in air temperature cause an increadeeispeed of sound, and therefore,
will change the volume determined by the Helmheljmation. The volume calculated
using the Helmholtz equation, Equation (No.22)hwibrrection via the temperature
speed of sound Equations (N0.23), is expected rmaire constant with increasing
temperature. If this assumption were true, othetofa within the Helmholtz equation
would be temperature insensitive.

The temperature factor for the speed of sound,dbasea linear fit, will determine
how the resonator volume is calculated for a gitemperature change. This is
essential if temperature stability is to be incogbed in the software algorithms. A
linear gradient of 0.587m/s/°C can be determinegr dkre narrow range of 8°C to
24°C taking the first value of a Taylor expansioonf the standard speed of sound
temperature Equation (No.23). But, when measuréddcatly from the Helmholtz
equation a value of 0.534m/s/°C was found. Thisirassl a constant port length
correction with changing temperature, which may Ioettrue. Over the temperature
range of 8°C to 24°C an error of 14mL will resuly bsing at temperature
compensation gradient of 0.587m/s/°C rather thanettperimentally found value of
0.534m/s/°C.

By taking measurements of the resonant frequeney amumber of days at stable
temperatures a plot of temperature versus speesbwid was made, Figure 3.4.3.
This showed that calculating the speed of soundleatly from experiment, using the
Helmholtz equation, changes in proportion to 0.5841€. Also presented are the
standard values over this temperature range givwerEduation (No.23), Basic
Equations. The value 0.534m/s/°C was used as anirieahptemperature
compensation value rather than the establishedevafi 0.587 m/s/°C. The
temperature correction being the product of antamdil variables timesc. The beta
term, 0.91, is responsible for other temperaturesisge variables in the Helmholtz
equation. These results were gained using a 3L lbbawith 170mm long port.
Similar results were gathered using the 51mm largy p
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Figure 3.4.3 Empirical, using the Helmholtz equatia, and standard theoretical speed of
sound gradient for changes in ambient temperaturedr 3L chamber with
170mm port.

The collection of combined constants given by Equmat(3.4.1), derived from
Helmholtz equation, defined as alpha),(should be constant with increasing
temperature. Temperature dependence aan be checked by plotting the measured
resonant frequency over the speed of sound, asedkeby Equation (N0.23) from
Basic equations, against temperature, Figure 3wh#th should also be equal do If

a IS not dependent on temperature the result isa@gdo be a horizontal plot. The
slight negative gradient af shows this may not true. Hence, there may be @min
temperature dependence danthat can be compensated for in using a temperature
gradient not consistent with the theoretical valaeved from Equation (No.23). The
difference is likely to be caused by temperatur@pedeence in the port length
correction termvl. The value of 0.534 m/s/°C was used rather th&870m/s/°C to
allow for this subtle difference.
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Figure 3.4.4 Changing value of the Helmholtz constus (&) for increasing temperature using
a 3L chamber with 170mm port.
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Another temperature effect on volume is the thermgbansion of the Perspex
resonator. Typical reference values for Perspexésnal expansion coefficient are
between 5x19/°C and 10x18/°C. For the temperature changes of 8 to 16°C this
represents a worst-case volume expansion of 1.46méa 3L chamber, far less than
the uncertainties calculated for O-rings and chandyéinder non-uniformity (See
Section 3.4.1).

Deviation volumes were plotted for the differencetween volume measurements
made with temperature compensation and ones witlkagiire 3.4.5. Data collected
in producing Figure 3.4.5 had a temperature vamatf between +0.1°C to +0.3°C.
By combining the Helmholtz equation and speed afndoequation the expected
volume change is expected to be 1mL for every 0dfa@nge in temperature. This
was calculated using a 3L resonant chamber wittmh7®ong, 44mm diameter port
and Equations (No.22) and (No.23).

Therefore, from an initial zeroing at the starttesting, the values should range
between approximately 1 to 3mL from that of non{pemature compensated
measurements. This increase can be seen in theropensated difference deviation
data shown in Figure 3.4.5, despite limitationsvolume determination of 3mL.
This illustrates the need for precise temperatueasurements if temperature drift in
volume measurements is to be avoided. A 0.3°C ehamgemperature represents
doubling of the uncertainty from0+1% to 9©.2% of the chamber volume, and a
halving of the potential accuracy.
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Figure 3.4.5 Deviation difference in volume for inceasing chamber fill between predicted

volume using Helmholtz equation with and without tenperature compensation.
Tests used water, 3L chamber with 22mm radius, asymetric, 170mm long
port.

3.4.4 Calibrating the asymmetric single port resontar

Calibration using water to various chamber fill &/ gave measured resonant
frequency results close to those predicted using ltelmholtz equation with
temperature compensation, Figure 3.4.6. Resultthéwater calibration showed they
could be represented with a second order curvehditing a coefficient of
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determination of 0.9979. Using a second order ciity€igure 3.4.7, overlaid on the
experimental results allowed subsequent measursmeie made within 3mL of the
actual values when measuring water. This represenéecuracy of better tha.1£%
of full-scale fill (3L).
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Figure 3.4.6 Calibration plot of water fill volume versus actual and predicted resonant
frequency (Res Freq). Tests used 3L chamber with &#n radius, asymmetric,
170mm long port.
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Figure 3.4.7 Second order curve fit of predicted viame deviation from actual volume. Tests

used water, 3L chamber with 22mm radius, asymmetric170mm long port.

Q factor is an important indicator of resonant rggt. It was observed that the Q
factor remained steady at approximately 60, Figue8, up to a fill of 2.5L in a 3L
chamber. The high Q factor provided additional exitk the water absorbed very
little energy over the range of fills. A slighteisn the Q factor at ~2500mL may need
further investigation as to is cause.
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Figure 3.4.8 High Q factor for water calibration tests up to fill of 2500mL. Tests used 3L
chamber with 22mm radius, asymmetric, 170mm long po.

The asymmetric 170mm long, 44mm diameter port \8ithchamber configuration
was implemented horizontally and 100ml amounts aiftew cumulatively added
(measured by weight on a set of Mettler PE600Qesgal’ he horizontal tests revealed
linear results up to 500mL, at which point thereswaadistinctive trend towards under
prediction, Figure 3.4.9. This can be contrastedrasults gained for a vertical
chamber, which showed second order over predic#an800mL the level of the
water was near the interior mouth of the port ani ilikely that the assumptions
made about an interior flange correction for theorator were no longer valid. At
1000mL the water was level with the port mouth aadurther filling could be tested.
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Figure 3.4.9 Comparison of vertical and horizontalvolume deviation with water filling using

3L chamber with 22mm radius 170mm long asymmetric prt.

A solid piston was used to simulate the water calibn tests with increasing
chamber displacement. The piston was moved thr@ugiinge of chamber heights
from 25mm to 150mm at 25mm intervals. The uncetyain height was .5mm,

which equated to a volume uncertainty of.53mL. The large uncertainty made
measurements approximate, but revealed very simekults to those obtained with
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water. This verified the suitability using water asvolume calibration method.
Volume deviation for the solid piston, Figure 3@l.$howed almost identical second
order behaviour as that for the water calibratiatagFigure 3.4.7.
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Figure 3.4.10  Parabolic curve fit of predicted volme deviation from actual volume using solid
piston. Tests used 3L chamber with 22mm radius, asymetric, 170mm long
port.

Q factor for the solid piston, like the water testiso revealed an almost flat value of
60 for fill values up to 2L at which point the Qctar rapidly declined, as was

observed for the water calibration tests, Figue83.The cause of the Q factor drop-
off at 2L is due to port interference effects as thhamber floor encroaches into the
virtual port extension length (See Figure 3.3.6thdds).

Data gathered using 1L and 2L chambers with watkmgf behaved in a similar

fashion to deviations in volume using the 3L chamipégure 3.4.11. As the water
level approached the port all chamber volumes sa@haracteristic reduction in the
deviation volume. This similarity in behaviour segts there was very little
absorption of sound by the water.
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Figure 3.4.11  Deviation of predicted volume from acal volume using water fill data for
various chamber volume sizes. Tests used 1, 2 and Gambers with 22mm
radius, asymmetric, 170mm long port.
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3.4.5 Effects of port symmetry

Water calibration using a symmetric 170mm long, @2madius port and a 3L
resonator gave similar results to those using gmuaetric port. The deviation of
predicted volume from the actual volume, Figure.124 showed a similar second
order trend to that seen in the asymmetric pora.dddowever, there was a greater
scattering of the results and the parabolic trdmolwved a lesser maximum for the
symmetric port (See Figure 3.3.2). The volume d&na maximum for the
asymmetric port was about 70mL compared to only 20ker the symmetric
configuration. The cause is likely to be complextglanging effects associated with
non-linear internal flange behaviour. The acoustcipling between an internally
protruding port and chamber is more complex thapoe that is flush with the
internal chamber (See for example Kang and Ji, 2008

A scatter variation of 2.5mL over a 2.1L fill from an applied second ordarve fit
was observed using an asymmetric port. In comparthe symmetric port had a
+3.5mL variation over 1.6L of fill. The symmetric oguration could only be filled
to approximately 1.6L due to the protrusion of fha&t into the chamber, which
limited the maximum fill. However, results showaader influence of unpredictable
elements for the symmetric port configuration tki@masymmetric port. Port intrusion
into the chamber and unacceptable scatter in frexyuenake the symmetric port
unsuitable for accurate volume measurement.
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Figure 3.4.12  Second order curve fit of predictedalume deviation from actual volume using
symmetric port. Tests used water, 3L chamber with 2mm radius, symmetric,
170mm long port.

3.4.6 Effects of sample irregularities

Cubic blocks and spheres displayed differenceshiir teffect on the resonant
frequency, independent of their equivalent volunspldcement. Both initially have a
near flat volume deviation, which rises with ingieg sample volume. The sphere
measurements show almost flat volume predictiortaup100mL at which point a

marked increase in over prediction occurs. The shemaviour was observed in the
cubic block samples, except significant over prealicappeared at ~400mL, Figure
3.4.13.
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Volume prediction behaviour for these two sampleetyis distinctively different
from that observed in the water calibration tedtater tests showed volume deviation
could be represented by a second order curve, &i@ut.7, whereas individual
samples show an almost exponential rise in ovetigiien at a threshold determined
by their surface regularity. This data suggests tha volume displacement type
significantly affects the resonant frequency. Thee¢ distinct sample types change

how the sound propagates in the chamber and hbadeanhsmission properties of the
chamber.
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Figure 3.4.13  Curves of predicted volume deviatiofrom actual volume using individual

spherical samples and large cubic blocks. Tests us8L chamber with 22mm
radius, asymmetric, 170mm long port.

A comparison was made of data from 1L, 2L and 3lanchers using various
spherical samples, Figure 3.4.14. There was a lgisilifference in the volume
deviation between the three chamber sizes useofed earlier the 3L chamber
showed a rapid increase in over prediction of tampe volume for the largest
sample tested. In contrast the 2L chamber showed ggreement between predicted
volumes and the actual volumes. A local maximurovar prediction is evident, but
this may not be significant as the uncertainty asurement for the 2L configuration
is ¥2mL. These uncertainties were found using wateibi@lon for 1L and 2L
configurations, Figure 3.4.11. The 1L chamber ptedi volume data was also very
close to the actual volumes of the samples measwigdn 1mL. Restriction due to

the chamber height limited the largest sphericaida that could be tested to 45mL
for the 1L configuration.
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Figure 3.4.14  Curves of predicted volume deviatiofrom actual volume using 1, 2 and 3L
chambers with individual spherical samples. Testssed 3L chamber with 22mm
radius, asymmetric, 170mm long port.

To test the effects of an acoustic barrier witlhi@ thamber a number of thin flat disks
were tested at various heights to observe how d¢lenant frequency changed with
their location, Figure 3.4.15. A distinct pattermexged as the disk diameter was
increased. Evidently all disks affected the resoriseguency, lowering it, as they

approached the interior port.
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Figure 3.4.15  Frequency deviation plot for variouslisks having different cross sectional area
in 3L chamber with 170mm port.

The height at which a disk adversely affected thsomant frequency is also
associated with the disk’s size. Where adversdbctdd is taken to mean — changes
the frequency by more than the uncertainty of mesmsant (©.1%), derived from
water calibration tests in Section 3.4.4. A plotled maximum disk height, before a
change in resonant frequency starts to occur wakenfagure 3.4.16. This suggests
the cross sectional area of a disk becomes signifizwhen the disk cross sectional
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area exceeds 20% of the chamber cross sectioraal Hnies assumes an upper height
limit for the disk of approximately 85% of the chien height. At which point all
disks show interference with the port irrespectofeit’'s cross sectional area. The
disks of 0% (disk free chamber) and 100% (segmecitathber) cross sectional area
are also included to indicate theoretical limits.

The effect of an acoustic barrier can be compaveithé¢ solids and water calibration
data from Figures 3.4.13 and 3.4.7 respectivelg dibic block frequency deviation
is less than the sphere deviation and the sphetats is less than the water. The
increased planar surface area of the cubic bloelaaes the resonant frequency as
might be expected from the disk data. The princtiiérence between the disks and
the solids is the impedance each imparts on thersyS he disk causes an impedance
change by partitioning the chamber and creatingcarsdary cavity behind the disk,
whereas the solid samples induce an impedance ehbangnot a secondary cavity.
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Figure 3.4.16  Plot showing the maximum height a discan extend into the chamber based on
it's cross sectional area percentage to that of thehamber’s cross sectional area.

3.4.7 Measurement on granular materials

Behavioural differences were apparent in the varigtanular materials tested using
the asymmetrical, 170mm long, 22mm radius single, (@b resonator. Experiments

showed a marked difference between the largergestigreater than 1mm and the
smaller particles, less than 1mm. The interstipakosity of a granular sample

affected the overall accuracy in volume measurenwrmd hence bulk density

determination, Figure 3.4.17. The parity line icluded to show the ideal 1:1

relationship between predicted, using the Helmhedzation, and measured volume.
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Figure 3.4.17  Comparison of actual volume versus pdicted particle volume for granular
materials tested. Tests used 3L chamber with 22mnadius, 170mm asymmetric
port.

The plotted lines of predicted particle volume axtual particle volume of the
marble samples had a direct linear correlation @s wbserved for the water
calibration. However, the ballotini and sand samp@owed significant deviation
from predicted values. Predicted volume data alsows there is a significant
difference between the small ballotini and the darfthe volume for the large ballotini
is under predicted and the small over predictedlddmprediction was also evident in
results for rapeseed, plastic pellets and panicsinguthe particle density values
derived when using the 1L resonator.

Using the 1L resonator, an attempt at accuratenvelmeasurements was made on
small quantities of plastic pellets, rapeseed aadigum. This was performed by
measuring a thin layer of each sample, having mahimterstitial spaces, on the
chamber base (50ml of each, bulk volume). From hparticle density values for
the plastic pellets, rapeseed and panicum weredfomie 1.12g/cfh 1.26g/cmi and
1.72g/cnd respectively.

The sand and the small ballotini show a decreasienpredicted volume for the
highest fill factor. These final readings do nogpresent true resonant behaviour, as
the Q factor is so low at these fill factors thastjabout all the incident energy is
absorbed in the material. The detected frequeraciesnerely a complex interplay of
the bed material and the chamber, not the chanmuokth& port.

Volume measurements of the plastic pellets, rageseel panicum were all under
their true volume, Figure 3.4.18, as was observiednnmeasuring the large ballotini.
The size of the particles determines the amounexdsurement error. Larger particles
showing less and smaller one more, down to a parttiameter limit of

approximately 0.7mm (large ballotini). At partickizes smaller than 1mm acoustic
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interstitial viscous effects should have a sigaificaffect on sound penetration into
the bed material (See Appendix A, Section 9). Henbere is expected to be a
marked difference in volume measurement capalsilifer the smaller diameter
granular materials. The rapeseed, plastic pelletslarge ballotini all display non-
linear trends at 66% fill. This represents an udpkelevel where attenuation in the
bed interferes with resonant behaviour preventiegermination of the resonant
frequency.
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Figure 3.4.18  Comparison of actual volume versus pdicted volume for plastic pallets
agricultural granular materials tested. Tests use®L chamber with 22mm
radius, 170mm asymmetric port.

The Q factor for both large and small marbles reeaihigh even up to fills of 80%,
1L absolute, Figure 3.4.19. A consistently high &tdér throughout measurements
made determination of resonant frequency possihterasulted in good agreement
between predicted and actual volume. Accuracy cteldnaintained at or close to
+0.1% for samples containing particles larger th&mrm in diameter using
appropriate curve fitting.

In sharp contrast, the ballotini and sand samgies/svery rapid decline in Q factor at

fills of only 30% by height, 400mL absolute. Q fax of less than ten are usually
indicative of resonant behaviour no longer assediatith just the chamber and port.
Secondary resonance effects are most prominenhensénd and small ballotini

samples and can be seen more readily in broaddnegusweep data, Figures 3.4.21
and 3.4.22. Secondary resonant effects may be a¢dnyseomplex coupling effects

between the fill material and the chamber.

Measurement accuracy is reduced in the sand anldl lsatlatini samples due to high
sound absorption and resonant peak broadening.récgus dependant on locating
the resonant frequency and as Q factor decreasessbnant peak broadens. Volume
measurement accuracy is reduced to abdi®o +of full-scale fill because of the
limited available filling, approximately 30%, andpid reduction in Q factor. These
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results may indicate bulk volume and not true pkatvolume as sound is effectively
dispersed rather than being available to excitelia@nber into resonance.

Complete Q factor measurements were not made focyma, rapeseed or the plastic
pellets. Preliminary testing showed results thatewaidway between large ballotini
and small marbles. A steady decline in Q factoruccdrom approximately 60
reducing to 10 at fills approaching 80% for thelee¢ granular samples. Tenable
measurements of volume are still possible even W@thfactor broadening, but
reducing the measurement accuracy for these sarnagp@sut 0.5% of the chamber
volume.
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Figure 3.4.19  Q factor with increasing patrticle fil fraction. Using a 3L chamber, 22mm
radius, 170mm asymmetric port.

The attenuation through the granular samples, medswas the microphone
differential between port and chamber, increasgdifstantly as the particle size was
decreased to less than 1mm. The large ballotinesgmts a threshold size at which
the attenuation becomes large enough to make decw@ume measurements
impossible. Figure 3.4.20 shows this marked in@aasattenuation for the small
ballotini and the sand samples.

Attenuation for panicum, rapeseed and the plastitets fell in the region between
the marbles and the large ballotini. These santésonly moderate attenuation with
depth; as such they have low acoustic energy atisorf his makes them suitable for
resonant measurements, as the chamber port interasill tend to dominate
maintaining a high Q factor.

68



Depth (cm)

> “0 = =
NN 20 40 60 80 — - _ 100 120 140
\ ~ ~
54 \ “e _ - o .
\ S~a S o
~ .10 1 \ - °
m \ N
z \ AN
S -15- A N — ¥ — Sand
o - N -
= \l N — - — Small ballotini
qc:: -20 \\ * N — -®@ — Large ballotini
z \\ AN — —+— Large marbles
-25 \ N — —=— Small marbles
\ AN
\ \.
-30 4 \

-35 -

Figure 3.4.20  Attenuation with increasing particlefill level for marbles, ballotini and sand.
Using a 3L chamber, 22mm radius, 170mm asymmetricqut.

Sand at various fills was tested using a broadtspecfrequency sweep to test for
deviation in expected resonance behaviour. Resenanbe port is still prominent at
a fills of over 25%, 416mL absolute volume, buh@existent at a 66% fill, 1086mL
absolute volume, Figure 3.4.21.

Measurements under the sand in the chamber, Figdr@2, reveal resonance is
severely reduced even at the first fill of 12%, @bt volume 208mL. By the time
the fill fraction approaches 66% there is no resbtehaviour occurring beneath the
sand. Incoming frequencies are converted to broatlib@ise with increasing fill in
both the port and chamber. This is most likely daefrequency scattering and
absorption effects caused by the sand.

Broad-spectrum resonance tests were also carriednoballotini, panicum, rapeseed
and plastic pellets. These tests indicated acagemant behaviour at fills of 80% for
all but the sand and small ballotini. It appea the minimum interstitial space for
useful resonance measurements is approximatelynd.tsmthis particular resonator

combination. For resonance to occur, sound wavest hmave a surface to reflect off.

If this is not present the energy incident in tharaber is not available for sustained
oscillation.

The minimum interstitial space will be a functiof the resonant frequency,
approximately 70Hz in this instance, and sound qumeslevel. It is expected lower
frequencies, less than 50Hz, will penetrate firemt materials more readily. However
viscous effects and boundary layer turbulence wédked to be considered (See
Appendix A, Section 9).
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Figure 3.4.21  Broad spectrum frequency sweep as ngaed in the port with three fill
fractions of sand. Using a 3L chamber, 22mm radius,70mm asymmetric port.
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Figure 3.4.22  Broad spectrum frequency sweep as ngaed in the chamber with three fill
fractions of sand. Using a 3L chamber, 22mm radius,70mm asymmetric port.

Complex interactions take place in the resonatorerwlyranular samples are
introduced. The acoustic resistance for a givemgeat material alters the resonant
behaviour in a number of ways. This has an assatiaffect on Q factor and

attenuation. Different materials will differ in tiveay they reflect and transmit sound
energy due to their surface geometries and matpra@erties such as density and
elastic modulus. These attributes will ultimategcdie the final accuracy of a given
measurement.

A plot of particle size versus gradient was undema Figure 3.4.23, using the data
gathered from linear curve fits of Figures 3.4.1d 8.4.18. This plot shows good
agreement between predicted volume and actuatfgaviblume down to particles of

2mm diameter. A transition into a different regirieen takes place with a local

minimum occurring at just less than 1mm. At paetisizes smaller than about 0.7mm
a rapid increase in the volume over prediction ozevhich can be associated with a
large rise in acoustic absorption and the onsed dbundary depth beyond which
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almost no sound penetrates. These observationgsugglume measurements may
be transitioning from particle volume into bulk uole. The depth at which this is
expected to occur will be determined by a crossihthe parity line as seen for the
small ballotini and sand in Figure 3.4.17. The tydme indicates one to one mapping
between prediction and actual particle volume. Ateticular depth the sound energy
in the bed material plays no part in the resonaftakiour of the chamber due to
attenuation. This behaviour is observed in the Ebadlotini at fills of about 25% and
12% for sand.
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Figure 3.4.23  Change in linear curve fitted slopeof changing particle size. Using a variable
3L chamber, 22mm radius, 170mm asymmetric port.

By plotting Q factor as a function of particle siadogarithmic trend was observed,
Figure 3.4.24. This data was collected at a filk6f6 using two marble sizes, both
ballotini sizes and sand. Figure 3.4.24 shows hesemant peak broadening is related
to accuracy. As the resonant peak broadens it besonore difficult to isolate the
resonant frequency. Q factors of between 50 andaBOyield results of 3:1% full
scale fill, those between 30 and 50 an accura@ppfoximately ©.5% full scale fill
and Q factors of less than 30 no better than abdd6 full scale fill. As the Q factor
decreases there is a distinct broadening of thenegg peak. This broadening makes
precise frequency determination increasingly mafécdlt, hence the reduction in
accuracy.
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Figure 3.4.24  Logarithmic trend of Q factor for changing particle size measured at 25% fill.
Using a variable 3L chamber, 22mm radius, 170mm asymetric port.
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Comparative testing of Q factor and predictive dgon was undertaken using a
Perspex piston and granular coated steel diskacrk remained high, about 60, for
all coating materials including the bare pistorgufe 3.4.25. As the piston was driven
into the chamber the Q factor remained in the 5@GQ@orange, indicating strong

resonant behaviour with very little acoustic absorp from the coating material.

These results demonstrate acoustic resistancerdouigr materials is a product of
granular material depth and not surface texture.
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Figure 3.4.25  Comparative Q factor testing with vaious granular coated piston surfaces.
Using a variable 3L chamber, 22mm radius, 170mm agymetric port.

A marked difference between the granular coatetbmsswas seen in the volume
deviation data gained by comparing actual volunrsuge predictive volume. The un-
coated blank piston had the greatest deviation thadplastic pellets the smallest,
Figure 3.4.26. These results show the surface efpikton affects the predictive
capabilities for the resonant volume system. Thecefon volume deviation due to
particle size is not consistent as samples sugiaagum and rapeseed exhibit quite
different volume deviation trends despite havingyv@milar particle size. The cause
of this effect is expected to be differences indsgeometry, density and elastic
modulus.
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Figure 3.4.26  Experimental differences in volume pdictive deviation due to piston coating

materials. Using a variable 3L chamber, 22mm radius170mm asymmetric
port.

3.4.8 Effects of air leaks on resonant frequency anQ factor

The addition of one or more small air leaks in dnid®ltz resonator significantly
affects both the resonant frequency and the Q fadtalistinct linear trend was seen
as the number of air leaks was increased from teeten, Figure 3.4.27. The resonant
frequency increased by roughly 0.2Hz/leak, eacheak being 0.8mm in diameter
and 5mm in depth. The increase in frequency forstinallest detectable change in
volume is 0.01Hz (3mL for the 3L chamber used in these tests withnivi0
asymmetric port). Therefore, each leak is equivaleran error in sample volume of
60mL, twenty times the achievable accuracy of afteak free chamber.
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Figure 3.4.27  Observed linear increase in resonafitequency due to an increasing number of

air leaks in the resonant chamber. Using a 3L chandy, 22mm radius, 170mm
asymmetric port.

A similar trend was also seen in the Q factor, Widecreased logarithmically with an
increasing number of air leaks, Figure 3.4.28. tleerease was proportional o
14Log(n) wheren is the number of leaks. The rapid decline in Qdademonstrated
the importance of a well-sealed chamber. Even ghtskir leak represents a large
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acoustic resistive loss to the system. The rapmedse in Q factor also causes an
associated loss in volume prediction capabilitysséming the accuracy of any
subsequent resonant measurements.
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Figure 3.4.28  Data fitted with logarithmic decreasig Q factor due to an increasing number of
air leaks in the resonant chamber. Using a 3L chandy, 22mm radius, 170mm
asymmetric port.

When the single air leak diameter was increasedpad rincrease in the resonant
frequency occurred that was more pronounced thetrsten with the multiple smaller
leaks, Figure 3.4.29. A second order rise in fregyeindicated a discernible
correlation between the leak diameter and resorisequency. A correlation
coefficient of 0.995 suggests extrapolation to daepk sizes should be possible. The
regular frequency behaviour also suggests the asgorfrequency should be
predictable for systems containing known leaksssize
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Figure 3.4.29  Data fitted with second order curvedr rise in frequency with increasing leak
diameter. 3L chamber with 170mm long port having 2thm radius.

Changes in Q factor also could be fitted with aosécorder trend with increasing
leak diameter, Figure 3.4.30, with a noticeableimiim occurring at the air leak
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diameter of 6mm. A change in the pinch off regiare do a boundary layer should
occur after a threshold air leak size. It is expédt this size a secondary port effect
should dominate rather than an acoustic loss ageadcwvith an air leak. This can only
occur when the cross sectional area of the lealargee enough to allow a flow
velocity consistent with the resonant frequencwfieelocity present in the main port.
This was tested and confirmed with the use of arBdeak diameter. However, the
height of the 50mm diameter hole was inconsisteithh Whe other heights, and is
therefore not included in the data of Figure 3.4.30
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Figure 3.4.30  Q factor with increasing leak diametefitted with a second order curve. 3L
chamber with 170mm long port having 22mm radius.

3.4.9 Effects of sample position on volume measuremts

With the 3L dual port resonator in the horizontahfiguration a 42mL sphere was
moved top to bottom in a radial direction in fiveparate locations along the
chambers length. Unused holes were blocked offtaedcord supporting the sphere
seals the used holes, but a minor reduction in €ofawas observed due to the
fractional leak around the cord-to-hole perimefEne resultant mapping for the
sphere’s location effects can be seen in Figure8B.4This mapping shows that the
sphere’s location has a minimal effect on the rasbfrequency for the system unless
it is placed near the port entrance.

The non-interference distance of the sphere froenpibrt is determined by the port
length correction factor. The length correctiontdéads a displacement beyond the
port, which the moving mass of air within the pextends to. The effect of the sphere
either side of the port also affects the resonaguency, due to it altering the flange
effect of the junction between chamber end angtre(See Appendix A, Section 8).
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Figure 3.4.31  Frequency chamber mapping using a 42maluminium sphere moved in the
radial direction in 1mm steps at 5 positions alonghe chamber’s length. The
frequency has been normalised and temperature coroted. Also shown is the
3L chamber indicating orientation of mapping, width being radial movement
and horizontal being chamber length.

Axial configuration tests, when the sphere was tieaport entrance or exit, showed
the same behaviour in frequency reduction as weas g§e the radial tests, Figure
3.4.32. A flat steady frequency region was appafentthe main length of the
chamber where the sphere is outside of the lermtieation and flange effect zones.
This ‘flat region’ is further expanded as a chamgevolume plot, Figure 3.4.33,
showing the interference effects of the sphereprtlextend well into the chamber,
contrary to what Figure 3.4.32 suggests. Theretbee useable range in the chamber
for making volume measurements is the 60mm betwldédimm and 175mm. The
physical internal length of the chamber is 190mman¢¢; the usable zone for acoustic
measurement is only approximatélyof the chamber length.

A large number of outliers were observed in thedabere the sphere is in either of
the ports. This was due to resonant peak broader@nged by the space around the
sphere. A gap of 0.5mm existed around the sphesmwhthe port which appears as
an air leak to the resonant system. This smallayapnd the ball represents a high
viscous force region where the acoustic resistigsds to the system are large. Hence,
the gap appears as an air leak, not a secondarySe® Section 3.4.8). In this state,
with a port effectively blocked, the resonator msé¢o a single port resonator, which
explains the large change in observed frequencg.grbatly reduced Q factor makes
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it difficult for the automated software, using reaat hunting, to ‘lock’ onto the
resonant frequency, thus causing the outliers.
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Figure 3.4.32  Frequency chamber mapping using a 42nmaluminium sphere moved in an
axial direction in 1mm steps along the chamber’s tegth. Using a 3L chamber

with two 22mm radius, 51mm asymmetric ports.
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Figure 3.4.33  Enlargement of ‘stable’ region in figre 4.32. Plot shows change in mL from a
central value of 3168mL at 145mm displacement. Usina 3L chamber with two

22mm radius, 51mm asymmetric ports.

3.4.10 Controlled decent using a dual-port resonat@nd resonant hunting

Using the established resonant hunting method, poike followed by two chirps,
decent speeds through the 3L dual port resonatald aoot exceeded 1mm/s. The
speed could be increased to 2mm/s with an assdciegduction in volume
measurement accuracy frond.2% to_9€.5% of full scale. To achieve this a reduced
scanning time and coarser chirp frequency is uSéghsurement times for these
accuracies are 40 seconds and 20 seconds respectilie largest spherical object
that can be lowered through the dual port resoriatd8mm diameter (42mL), hence
the uncertainty for these two measurements acasaare_3mL and A5mL

respectively.
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These poor results, in terms of sample transit ,tiptempted the development of
rapid volume measurement methods described in €hapt New techniques are
developed using both phase shifting and Q profidftisg as ways to reduce
measurement times while maintaining accuracy.

3.4.11 Measurement of port flanging effects

Resonator port flanging effects were tested foruking a range of flange sizes
mounted to the exterior of the port (Figure 3.3Methods). The flange factor
determines the port length extension (See Chapt&e2tion 2.3 and Appendix A,
Section 8) and is therefore important in deterngnihe correct constant to use in
volume calculations. A maximum flange factor of d86is the theoretical limit for

two acoustical point sources in an infinite plateide 8/3t). Two sources are

considered due to there being both an internabanekternal flange effect.

By changing the port to flange ratio the flangeeefffcan studied, Figure 3.4.34. This
shows a distinct lowering of the resonant frequeforyboth the 3L chamber with

51mm port and the 3L chamber with 170mm port, whgtho be expected. Figure
3.4.34 shows there is an upper limit when only ttiiekness of the port wall exits

(3mm). This equates to a flange factor of 1.374tler 51mm port and 1.375 for the
170mm port. When the largest flanges were useélahge factors increased to 1.589
and 1.690 respectively. In all instances the eqgemmwas at a steady state
temperature of (21°C for 51mm port and 20°C formi#Oport), which was necessary
in order to isolate the flange effects. The uppaue of 1.690 for the 170mm port
suggests the flange factor is approaching the étieat maximum value of 1.698.
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Figure 3.4.34  Effects of various flange sizes onsenant frequency used to evaluate port
length extention. Measurements taken with 3L resortar having two different
port lengths, 51mm and 170mm.

From the results for the 170mm port, specificaflg aluel.690, it can be seen that
the internal flange factor must be close to thetbical value of twice 88 If this is
true the external flange factor for the un-flangeat must be approximately 0.526.
This result can be compared to the suggested w#lQe for an un-flanged port. The
combined flange factor value of 1.375 was usedlimadume calculations in Chapter
4 but not Chapter 3. Theoretical values for theriml flange factor, between the port
and chamber using an alternative method by Kang &n{007), gave values
significantly less than those measured and coultl m® used for objective
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comparisons. The Kang and Ji method predicts arnat value of 0.482 and an
external value of 0.61 giving a total of 1.092 (&#®pter 2, Section 2.1.3).
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3.5 Discussion

3.5.1 Characterising the fabricated resonators

In early testing it was noticed that different enmimental configurations changed the
behaviour of the resonant system. Small changes asca door left ajar caused
significant changes in resonant amplitudes beinteatied in the port. This is
principally due to secondary behaviour of the emvwinent, which changes the amount
of sound energy present at the port of the resonato

Trials coupling of sound source to resonator weté not to have the high Q factors
observed in the uncoupled configuration. Other $tigations, such as Selamet,
Dickey and Novak (1995), used a coupling methoddtate the system from changes
in the environment. A directly coupled system resut a resonant dip rather than a
resonant peak. The dip occurring at resonanc@isa@uct of cancellation between the
driving source (loudspeaker) and the resonatoffidDlfies arise in locating the dip’s
centre, as cancellation is so complete that tteemesufficient signal amplitude for the
acquisition system to detect. This effect of irteable frequency data can be seen in
detection limit results, Figure 3.4.1, where thisrérequency scattering occurring at
signal levels less than —50dB.

In this configuration it is therefore necessamp&ve a standardised room or enclosure
for resonant equipment to be mounted in if the ompted Helmholtz volume
measurement system is to be used industrially omeercially. Such a set-up might
entail an anechoic room or enclosure for the systenreside in that can be
temperature controlled. The later developed enw@mtal normalisation technique
was able to remove this dependence and is discistkdr in Chapter 4.

Testing the resonator in different locations showviee resonant frequency to be
insensitive to its position relative to the soudrse. This location insensitivity was
unexpected as environmental effects had such @ laffgct on the resonant peak
amplitude. The only exception was having the ppetrong facing the sound source
where a slight (0.1Hz) frequency shift occurrederBfiore this configuration should
be avoided. The resonant frequency for a givenigordtion was also insensitive to
small changes in the applied sound level betweproapnately 70 and 90dB.

3.5.2 Repeatability of measurements using resonator

It was often necessary to disassemble the resodatang this investigation. As a
result of this disassembly there was an O-ring gesgion uncertainty in the
resonator end plates. This caused a repeatabildgrtainty of 8mL, which was the
same order of magnitude as that found in non-désabkly calibration tests.

The resonator body is coupled to the resonator @ates via four rods, which
compress O-rings between the ends and the chanilmre was insufficient
compression available to compress the O-rings cet@lyl and hence there were
slight variations in the chamber size when runnagseries of tests requiring
disassembly. Therefore, in future versions of thesonator a complete O-ring
compression method will be required or a changehamber design to eliminate this
problem.
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Consecutive repeat testing of the same samplesyespland cubes, gave results that
indicated high repeatability, within _1mL. The need of a reliable
assembly/disassembly method was avoided by usmgdhable chamber resonator
in Chapter 4.

A large discrepancy was noticed between theoretigafactor predictions using
methods developed by Kinsler and Frey (1962) arati®&tock (2000), and those
measured for the various resonator configuratingically the resonators were
designed to have Q factors of over 100 and as &sgb00. In reality the highest Q
factor measured was around 65. This large differevas due to the acoustic losses in
the system, principally viscous and thermal boundiayer effects within the
resonator and to a lesser extent radiation resistinom the port. The theoretical Q
factor values are derived from radiation resistalusses and not boundary layer
losses, hence the significant differences. To fiedhiis discrepancy, thermal and
viscous boundary layer losses would need to be yteeally evaluated and
incorporated into the existing theoretical Q fadiguation (No.25), Basic Equations.
This might be achieved using boundary element niadel

For a very high Q factor there must be a large athofienergy stored in the system.
Such high energies must be contained in the foranmbving mass of air in the port.
Normally the rapid pressure changes preclude heatgg transfers. Therefore, the
resonance would be predominantly adiabatic. Howef/éhis were true the pressure
amplitudes and velocities would continue to inceeiasthe port and the system would
soon violate lumped parameter assumptions that theachamber and port as two
distinct entities.

Within the port there is a secondary boundary lagsociated with the region were
the system is no longer adiabatic. Near the paiftse there is thermal conduction
zone, called the thermal boundary layer. This layaronsiderably larger (calculated
to be 1.54mm) than the viscous boundary layer (tatied to be 0.217mm). With an
increase in the pressure amplitude and velocityetineust be increases the viscous
and thermal losses caused by the boundary lay&inwibe port (See Appendix A,
Section 9). Much like a shock absorber, the quickerdisplacement the larger the
resisting force. The maximum Q factor is therefegt limiting.

There is the opportunity for further investigatiorio optimal energy storage in a
resonator using non-lumped parameter techniquéise I factors could be increased
the potential accuracy could likewise be extendedthe resolvability of resonant
frequencies increase. The accuracy in determirfiegésonant frequency determines
the uncertainty in any given volume measurement.

A variation of 13dB in resonant gain was observed using the waldsration data,
the variation being due to loudspeaker deficieneied environmental effects. The
average Q factor remained at approximately 60 uant®5% fill. This supports the
argument that Q factor is bounded to an upper lidgtermined by the viscous
boundary layer losses.

The ratio of reactance to resistive impedance nmeyirtked to the boundary layer

resistance at large amplitudes. Standard Q fatiory only includes mechanical
impedance and not viscous losses. Boundary layeknibss is a function of velocity;
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therefore as the amplitude becomes larger the oftehange in pressure also
increases. So the pressure velocity will reach immam value but the group
propagation velocity, speed of sound, remains eomst

3.5.3 Temperature effects

Temperature can have a significant effect on reday of frequency measurement,
due to changes in the speed of sound with temperalaroughout testing there were
constant changes in temperature occurring. A stdnadjustment of 0.6m/s/°C was
used throughout the initial parts of this invediiga - Chapter 3. A temperature
gradient of 0.534 m/s/°C, which was capable ofngjvimore accurate results, was
used for experimental work in Chapter 4, using dditaonal # multiplier for c, of
0.91. This adjustment was rechecked by a repeasura@aent of the empty chamber
volume at the end of each series of measuremeengaling a need for highly
accurate temperature measurements.

Discrepancies in the temperature gradient for feed of sound occurring in the
resonator indicated other temperature dependanpa@oemts within the Helmholtz
equation. The speed of sound was derived by stdndathods given by Kinsler and
Frey (1962), Blackstock (2000) and other standaxtistas Equation (No0.23), Basic
Equations. The speed of sound should change by @/s®C, over the narrow range
of 8°C to 24°C with a linear fit. However, when mmead indirectly using the
Helmholtz equation for the 3L resonator configurata value of 0.534m/s/°C was
calculated. This showed there was an extra muitiglyerm (0.91) that was needed
in temperature compensatighmay vary according to the physical constraintshef
resonator.

This extrap term in the Helmholtz equation contains componghtg rely on
temperature that were not considered in the ingialjes. These include temperature
dependence of the port length extension term baseair density. Also small terms
that are omitted in deriving the lumped parameteintholtz equation as described in
Appendix A, Section 2. The viscosity of air in thert can change the behaviour of
the boundary layer at the port surface, and hehaage the effective cross sectional
area of the port (See Appendix A, Section 9). Hutyichay also contribute to small
changes in resonant behaviour and will need to beitored in future studies to
gauge its effect.

If possible it is preferable to take temperatureasoeements inside the chamber to
give the appropriate compensation factor. In addjtithe sample being measured
should be at the same temperature as the chambarotd temperature gradients
occurring that could skew volume measurementsutumé studies it is recommended
a range of low-mass temperature sensors shoulddxet in the chamber and port to
better understand acoustic power dissipation witihi@ resonator. Doing so will
enable acoustic thermal heating to be monitored eamable its significance to be
evaluated. It may also allow calculations of endagpt to boundary layer effects and
those to acoustic radiation.

3.5.4 Calibrating the asymmetric single port resontr

Calibration of the resonant system yielded resdising measured frequencies almost
indistinguishable from those of prediction. Thisdd [0 comparisons of volume
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deviation rather than absolute values. A repeatalleond order trend in over-
predicting volume was apparent in water volume measents.

The reason for this parabolic anomaly is uncleat, dould be due to secondary
effects caused by assumptions made in generatieg Helmholtz equation.

Specifically, the small signal approximations madeallow linearisation and the

completion of the wave equation (See Appendix AgtiBa 2). Also, various small

angle approximations were made in lumped paranastgimptions and transmission
theory. Because measurements were being made to asuuigh accuracy these
previously unimportant small terms may now be gigant.

Despite this second order over-prediction it cancbepensated for in a correction
that can flatten the deviation curve. With this rection the volume predictive
capability was within ©.1% of the volume of the resonant chamber.

The success in the predictive capabilities of timethod is in part due to the
consistently high Q factor for fill levels up to @&mL in a 3L chamber. This
maintains the resolvability of the resonant pealsoAthe high Q factor is indicative
of low energy absorption from the water. At grediktdevels the water approached
the interior port and the moving mass of air in plogt interfered with the water. This
caused the Q factor to decrease rapidly and pregti@asonance.

In horizontal water filling the interior port flaegformed by the roof of the chamber,
became increasingly obscured. This changed thetiar flange material in the
chamber and hence, directly altered length extensomstants used to predict the fill
volume, via the Helmholtz equation. Unexpectedi tended to flatten the over-
prediction of volume, displaying a near one-to-grediction to actual fill up to
500mL. This suggests the flange factor is deviatmgnificantly from 8/2 (See
Chapter 2, Section 2.1.3).

Tests with a solid piston reproduced results seetine water calibration within the
uncertainty of piston position. Likewise Q factoalwes were also consistent with
those observed with water at various fill heighthie piston tests became the
forerunner to designing the variable chamber resomescribed in Chapter 4.

By customising of the chamber volume to suit thee f the sample the uncertainty
in measurement could be kept to a minimum. Theegfttre uncertainty in a volume
measurement using a variable chamber resonatordwamilconstant, proportional to
the object under test not the size of the chantimrexample, a typical maximum fill

is around/; of the chamber volume, assuming a spherical saidple and enough

clearance above the sample not to interfere wighpibrt. If the current accuracy of
+0.1% of full-scale fill is used then this sampleulcbtheoretically be measured to
within +0.3% of its true volume.

3.5.5 Effects of port symmetry

It was expected that the results for a symmetrit ponfiguration would give better
predictive results than those of an asymmetric dihe. symmetric configuration has
two un-flanged ports and as such would be expetdedave well defined flange
factors, each of approximately 0.6 times the padius. This benefit was not seen as
the amount of scatter in the deviation curve exeddtat seen in the asymmetric port
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tests. The larger amounts of scatter might inditaéeinternal port is violating the
lumped parameter assumptions and may need to Hgsetiaas two dimensional
boundary layer problem as investigated by KangJar2008).

The symmetric port configuration is impractical foost measurement applications as
the port intrusion into the chamber restricts thailable fill space and consequently
reduces the potential fill. The port length extensterm must also be allowed for
which further reduces the available fill space. S&heoor results suggested the need
for investigation into a flanged port exit in ary@snetric configuration (See Section
3.5.11).

3.5.6 Effects of sample irregularities

A marked difference in behaviour of predicted voaswas apparent in the data seen
from testing both regular spherical samples arehirlar cubic samples. The sample
shape to some extent determines the volume ovdrgtien trends seen in all fill
types. Parabolic over-estimation of volume was seewater data, but an almost
exponential increase was observed with the solmpsss in the 3L chamber. Some
deviation between sample types should be expedtettamsmission theory is
considered, as the propagating pressure wave emgsrfwith each sample type
differently (See Appendix A, Section 11).

As a pressure wave emanates from the internal emldeoport; it encounters a flat
surface, in the case of water filling, which iseetively a high impedance batrrier.
This causes the bulk of the pressure wave to bectetl back up the chamber. If the
emanating pressure wave encounters a regular eguiar solid the pressure wave
becomes dispersed and the resulting resonant fiegueay in part be a product of
chamber size and interference.

In the case of the spherical sample the sound walikely to be re-emitted omni-
directionally. In contrast, the angular cubic sanplould likely reemit the sound
waves as point sources from the edges and coraevelhas from its planar surfaces.
The angular cubic samples represent a differemrference source than spherical
ones. Adding to the complexity of the angular samglthe size of any flat surfaces.
The larger they are the more efficiently they reated the incident sound pressure
waves. Studies conducted by Barmetzal. (1983), Leunget al. (1982) and Cordero
and Mujica (2007) used rigid spheres in a ¥ wawnmant cavity and found
scattering to affect the resonant frequency. Howewee Helmholtz resonator
frequency is based on the chamber volume not aistgnwave within the chamber.
Therefore, the systems are not directly comparablanges in frequency due to a
solid may be better solved using transmission theasr described in Appendix A,
Section 11 or using FEM computer modelling.

Disks of different sizes were used to measure thigact as an acoustic barrier. All
disks at some height were able to adversely afebinge by more than the
uncertainty in a given measurement) the resonaafuéncy with dependence
proportional to the disks cross sectional areaitsngroximity to the interior port. The
fact that the cross sectional area determines athwieight the disk will reduce the
resonant frequency suggests this phenomenon isrelated to the port length
extension term but, is instead associated withrggedance change or acoustic barrier
caused by the disk (See Appendix A, Section 11lingeet al. (1982) used various
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sized flat disks in their %2 wave resonant cavityidolate scattering from volume
effects. The results of which suggested they wbte ® partition the cavity causing
the largest changes to frequency where pressuoeitiet were greatest.

For the disks 20mm to 60mm in diameter the resofmaquiency was not significantly

reduced until the disks were at 85% of the charhlegght. This therefore represents
the port length extension interference height, hdyahich any disk, irrespective of

size, will interfere with a moving mass of air letport during resonance. This trend
was also observed in the solids and water caldoatests. In the initial water

calibration tests an upper limit of approximateb?® fill was observed when the Q
factor significantly reduced above this value.

The angular solids, having many flat and angulaadiating sources, had resonant
frequencies consistently lower than the same voluitte water filling. The spherical
samples fell in between the angular cubic solidswaater fill. A complex impedance
path occurs with the inclusion of a solid into tesonant chamber. Disks displayed
more pronounced frequency shifting than equivalkantface area solids, but this
discrepancy is in part due to the secondary cariiated when the disk effectively
partitions the chamber.

From these observations two conclusions can berdrajvSamples being measured
in a resonant chamber are not expected to altaremant frequency if they are kept
below 85% of the chamber height and they have sscsectional area less than 20%
of the chamber’s cross sectional area, determiyetthds flange factor. 2) When the
sample cross sectional area is greater than 2a#e atfhamber cross sectional area the
resonant frequency is likely to obey resonant thhédahe sample is kept in a bounded
region. The bounded region can be considered ac@dpene, defined by the sample’s
cross sectional area and its height. The highesdingple the smaller its cross section
must be to be accurately described by the Helmleajtmation.

3.5.7 Measurement on granular materials

A range of granular materials were tested to galgeffect of collections of particles
for bulk measurements using the resonant technideresloped. A distinct trend was
seen in predicted volume based on particle sizegdraparticles tended to be
accurately predicted (marbles 15mm and 25mm). lallemparticles, between 0.7mm
and 3mm, under prediction was apparent. This thétclsed to over prediction in

particles of less than 0.3mm.

Samples had a wide range of particle densities ftal2g/cni for plastic pellets to
2.54g/cmi for sand. The trends seen indicate density doeaffext the particle size to
prediction relationship. It is apparent the soubsloaption properties are a function of
particle size and geometry, and not particle tyen an incident sound wave
encounters the granular bed material it is re-echiind absorbed by the individual
particles. Also occurring is acoustic attenuatioe do viscous interstitial effects due
to boundary layer dimension being comparable teriparticle space size. As the
sound penetrates the bed it is likely the viscauses will dominate over the inertial
ones as calculated in Appendix A, Section 9. Thiskes the bed acoustically
resistive. The smaller the interstitial space tighér the acoustic resistance and the
more the energy absorbed in the bed material.
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Resonant peak broadening is the result of acoabsorption within the bed material.
As the bed depth increases the larger will be thenaation of the signal. The
reemission of sound from the particle bed is notagk at the same frequency as the
incoming wave. The result is a broadband noiseredrgbout the resonant frequency,
which causes a widening of the resonant peak. Thdening makes resonant
frequency detection more difficult and compromislee achievable accuracy. The
smaller the particles are the more pronouncedeaseftfect. A significant logarithmic
relation was found based on Q factor versus parside. This showed that Q factor is
related to particle size. The smaller the partible more energy is converted from
resonance into broadband noise.

The occurrence of sound reemission and absorptigtsIthe maximum fill ratio for
the chamber. At a fill level determined by the ager bed particle size the level of
reemitted sound becomes larger than the resonagudncy amplitude. When this
occurs the primary resonant frequency will no lorge detectable. This was apparent
in the skewed results from the small ballotini aahd where the prediction values
reached a maximum. This was not seen in the lg@eicles tested, but is expected if
the bed depth could be increased. This is an ateaewfurther testing could be
conducted with a deeper chamber.

There were marked differences in frequencies amd@ressure levels detected in
the bed and chamber. A microphone placed beneahb#d material indicated
significant attenuation occurring for the particless than 1mm in diameter. For the
small ballotini and the sand samples there waspparant cut-off depth at which the
resonant frequency could no longer be detected.dBip¢h at which this happens is
directly related to particle size via the interatispace size. The relation would need
to be determined using a deeper chamber and a cdipgeticles with an average size
less than 0.166mm (smallest sample tested, sand).

A useful observation was made based on actuaktigied volume slope information
and patrticle size. There was a near linear droglape from parity, as seen in large
individual samples, to values of around 0.9 forlamilons of particles 2mm in

diameter. This coincided with theoretical predinoabout the Boundary layer
distance. Sources such as Blackstock (2000), Bler&h@96) and Fung (1994)

suggested the viscous forces should switch behavimm inertial to viscous

dominated at approximately 1mm, the value beingeddant on the amplitude and
frequency used, as it will change the wave velocity

It is thought a switch from particle volume to bw&lume measurement occurs as a
result of a boundary layer coming into effect floe smaller particle sizes and a given
bed depth. Evidence for this behaviour was seemwhe small ballotini and sand
samples, at low fill ratios, showed under preditti®redicted volume results then
moved rapidly into a linear over prediction volumegion, and lastly a region of
acoustic absorption by the bed where resonanceompletely attenuated. A
microphone mounted under the bed material was tab#ow the different types of
resonant behaviour between those in the bed ansktho the free space of the
chamber and port.

Secondary geometric resonance was often seen ibdtiematerial and port when
there was large attenuation caused by the smaliticies. Secondary resonance is a
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function of the interior geometry of the chamberd goort caused by % wave
resonance effects, as the dimension becomes aficagui proportion of the

wavelength. The broadband noise from particle resimms was able to stimulate
these higher resonant frequencies

Bed depth attenuation effects were further confitnimm tests conducted with

granular coated disks. Each disk was coated inobtige granular materials tested. Q
factor values remained at about 60 irrespectivthefcoating material. This showed
that an irregular roughened surface, independepadicle size, causes only minimal
acoustic attenuation.

Volume deviation results using the coated disksegainimal differences at volumes
less than'/s full-scale fill but this increased noticeably By of full-scale fill. The
amount of volume deviation from a non-coated disls Wwidependent of particle size.
The largest value was for a blank disk, but thellesiawas for the plastic pellets
despite their being the largest of the granularenis. There may be relationships
between granular sample shape, particle size aathloér size, but these were not
tested for and remain an area for further investgaof granular materials in a
resonant cavity.

The successful results with the coated disks allbowsume measurement of a small
amount of the agricultural samples to determiner theie particle density. By
ensuring only a thin layer of the given sample éaneasured was used, no bed depth
behaviour would be present in the predictive raesuly also using the smallest
chamber (1L) the volume accuracy was maintainedh{wi2%), as each of the
granular sample’s bulk volume was only 50mL.

Volume measurement accuracy with granular matewals shown to be related to Q
factor. As resonant peak broadening occurs theracguliminishes. In general terms
the accuracy can be divided into three regionthdfQ factor is higher than 50 then
volume measurements can be made witlfirl% full-scale fill. Typically this is only
for larger particles (>15mm) or for thin layersswhaller granular material where bed
attenuation does not occur. If the Q factor is ceduby acoustic attenuation, to
between 30 and 50, accuracy is lessened to appateiynt0.5% of full-scale fill. In
bed materials causing high attenuation, where thHac@r is between 10 to 30, only
+1% full-scale fill accuracy can be achieved.

Appropriate volume deviation curve fitting will wequired for all granular materials.
Each has a linear region of actual-to-predictedum@ that departs from the parity
line by an amount determined by the average parSide (See Section 3.4.7). For
granular materials with a mean size smaller th&m in diameter there will be a
maximum fill level due to acoustic absorption as ted suppresses resonance with
increasing depth. This occurred at about 25%dtkdr for sand (166n) and 50% for
the small ballotini (266m) using a 3L chamber with a 140mm internal diamete

3.5.8 Effects of air leaks on resonant frequency anQ factor

Using the holed 3L chamber from the chamber mapp8ertion 3.5.9, allowed
investigation of air leaks in a Helmholtz resonaiine holed chamber contained ten
0.8mm holes evenly spaced on two sides of the charilhe holes are there to allow
a suspended ball to be moved inside the resongtdeduling a cable through the
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chamber wall at different locations. Therefore,aage of leak combinations were
investigated that determined the effect of indiadieaks and if leak location was
important.

The addition of a single air leak compromised thecuaacy of resonant
measurements. The air leak resulted in large aicoatsénuation. This reduced the Q
factor, which in turn lowered the resonant freqyé&cesolvability. It was found that
the resonant frequency was increased by 0.2Hzeadrdnd the Q factor reduced by
14Log(n) wheren is the number of leaks. The placement of the Iaake chamber
was shown not to be significant.

In contrast to multiple air leaks, an individuahkehaving a variable size showed a far
greater effect on the resonant frequency. Deshitethe behaviour was predictable
and a distinct air leak size to resonant frequesexyond order relationship could be
determined. A second order trend was also seerhan@ factor reduction with
increasing air leak size. When the air leak sizes g@eeater than a threshold size
determined by the boundary layer thickness, théeak started to act as a secondary
port. The air leak size at which this occurs isedeined by the resonant frequency
(See Appendix A, Section 9).

When the boundary layer dominates the effect iginch off the air leak causing an
acoustic barrier that absorbs energy from the m@sosystem. The sound velocity
through the leak is unable to move at the bulk siglcoccurring in the chamber and
port. As the leak area is increased the pinch regidess than the area of the hole,
thereby allowing a secondary port to form. At thige a rise in the Q factor should
occur as the attenuation properties of the lealkirde@and the leak starts to aid
resonant behaviour. This was seen in the resultariocair leak diameter over 6mm
using the 3L chamber having a 170mm main port.

3.5.9 Effects of sample position on volume measurems

Results from the 42mL sphere placement at diffelecations within the chamber
showed a marked difference in resonance behavidyrozcurred when the ball was
placed in the immediate vicinity of the port enttanThis result was expected as it
was observed in water calibration tests. Adjustimgsphere position enabled a direct
frequency mapping around the port entrance. Thita dehowed directly the
flange/port length extension zone, which was hehaspal about the port entrance.
The ball was moved in 1mm steps and was therefble @ reveal transitional
behaviour at varying distances from the port asdhiternal flange.

This information assisted in controlled drop expemnts in proceeding sections. It
was necessary to know how the resonant behavioamgell as an object moved
through the chamber from one port to the otheralarop tests through the chamber,
again with 1mm stepping, revealed a high level efad in transitions from port
entrance to exit. This test indicated that the lerextension effect of the ports extend
a far greater distant into the chamber than theaggested. This ‘extra’ extension
represents a decay of the bulk air movement pristguttom the interior ports. The
effect is only slight and is less than the achiévagacuracy of the system, but greater
than the repeatability. However, for consistency accuracy it is best practice to
make measurements in the ceritsef the chamber for a dual port resonator.
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3.5.10 Controlled decent using a dual-port resonat@nd resonant hunting

It was possible to make accurate measurementsdiiratled decent of samples
through the chamber. The maximum speed at whichracg could be maintained
was 1mm/s this could be increased to 2mm/s at dperese of doubling the
measurement uncertainty. Therefore, using the esgohunting method is not a
practical method for rapid volume determinationnodving samples. These results
necessitated the development of the Q profile isgiftechniques developed in
Chapter 4.

3.5.11 Measurement of port flanging effects

A flange factor is the multiplier for the port radi that determines the port length
extension. Flange factors were measured and usedhpoove the accuracy in
calculating volumes for the Q profile shifting pealtires in Chapter 4. The
configuration using the asymmetric un-flanged endérmort was found to have a
flange factor of 1.375. The volume deviation curused in the resonant hunting
method (Chapter 3) did not incorporate this expentally derived flange factor and
used the theoretical value &/ 8z+0.6)a. The effect of this flange factor error causes
a proportional offset in the volume deviation cyrihe value being determined by the
difference between the two. However, this discrepazan be compensated for in a
calibration correction. Other methods for determgnthe theoretical flange factor
values presented by Kang and Ji (2008) gave resigtsficantly less than those
measured and could not be used for objective casgrer (See Chapter 2, Section
2.3).

The agreement in flange factor value for both thdlanged 51mm port and 170mm
port demonstrated the behaviour of the interior artérior port were the similar
irrespective of the port length for the two porstésl. It also demonstrated that the
flange factor was frequency independent as thedwvdigurations resonated at very
different frequencies. The addition of flange miaieto the external port revealed a
steady decrease in resonant frequency with incrga$ange size. The maximum
flange factors measured were close to the theatetrmaximum value of 1.698,
thereby showing at roughly 8:1 flange to port rdtie port appears as a point source
in an infinite plane. This transition was seen igufe 3.4.34, Results, as the flange
factors became asymptotic with very little changeeisonant frequency for increasing
flange size.
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Chapter 4

New methods in volume determination
using Helmholtz resonance
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4.1 Introduction and summary

This chapter represents a progression from theique\chapter in which practicality
of making volume measurements was tested and priovée@ viable. This chapter
describes the development of methods for reduciegsarement time and ease of use
of the Helmholtz resonator volume measurement gyste

To allow faster measurement times a number of nastheere undertaken to remove
the dependence on frequency scanning (chirps) feterghining the resonant

frequency. The first method employed was phasdirstifwhere the phase change
was monitored before and after object insertionaaget driving frequency. The

second, and more successful, was that of Q prsiiliting which relies on negligible

changes in the Q profile with small changes in danvolume.

To allow accurate predictive techniques using thepr@file shifting method an
environmental normalisation curve system was implaied to remove environmental
artefacts from the signal generated by the loudsgeacluding acoustic reflections
and diffraction. This method was able to geneflatesound pressure levels over the
desired frequency range.

Over the course of this investigation three Q peofhifting techniques were
developed, each building on experience gained anogrg@ssions made in
understanding the factors affecting volume measeremThe first used port
microphone data, collected from controlled drop eekpents, which was then post
processed. The second technique was able to usemeadata to determine sample
volume. The last incorporated environmental dath dynamically created Q profile
curves and was able to make more accurate real foheane measurements. All
systems incorporated varying levels of temperatompensation for the speed of
sound.

Other potential derivations of resonator designewavestigated such as an inverted
port resonator. This resonator variation wouldwallaccess to the resonant chamber
without mechanical contacting or interference. @dgantage of such a system would
be corrosive environments or seal free configunatio

A variable chamber resonator was designed and tougdid in rapid sample volume
measurement and chamber customisation. This alldastdepeatable measurements
of a sample with minimal chamber volume uncertaintye variable chamber
resonator was operated with Q profile shifting amironmental normalisation
curves.

To assess this technology for potential commeigpgilications a limited number of
tests were conducted on moving samples in whiclamyn measurements were made.
Measurements on a range of sample types were at&rtaken. These consisted of a
number of agricultural produce samples and twochiprock types having very
different morphologies used to represent mineesdsng.
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4.2 Equipment and samples

A large part of the equipment used in this sectbwork is that used in Chapter 3.
This includes the Perspex dual port 3L resonala,pulley apparatus, loudspeaker,
Data acquisition system, temperature sensor, nticnogs and solid samples. New
software was developed as necessary. Softwareitalggr and functional block
diagrams are provided in Appendix B. Full drawingsll experimental apparatus are
in Appendix E.

4.2.1 Variable chamber resonator (VCR)

A variable chamber volume resonator was designed areated to allow
customisation of the resonator dimensions to bsetigrthe sample size. The chamber
floor was controlled by a stepper motor linear atiiu type SMC LXP B 200, which
in turn was controlled by a SMC LC56D actuator coler, Figure 4.2.1. The
actuator controller was sent pulse codes via tihepoter data acquisition system. The
positional control was within #5um, as indicated by the linear actuator manufacturer
which equated to a volume uncertainty @.25mL. By adjusting the chamber floor
position the resonator chamber volume could besaefufrom 3500mL to 1600mL.
The volume measurement accuracy is a function efuli-scale fill, or fill fraction.
Full drawings of all equipment and software funetibblock diagrams are given in
Appendix E and B respectively.

Resonator
Resonator Por
chambe
Linear Movable
actuato floor plate
Figure 4.2.1 Variable chamber resonator, 1.6L — 3l5with 175mm port. Shown are linear

actuator placement and movable floor plate allowingsample insertion.

4.2.2 Inverted port resonators

The inverted port resonator consists of a cylimdrichamber and base with a
removable concentric insert piece forming the pdéigure 4.2.2. A PCB103A
microphone was inserted into the base of the changbenonitor resonance. Three
port pieces were used to test Q factor and resdrequency. The chamber was made
of 50mm diameter aluminium tube with a 3mm walkckmess (44mm internal) and
had a length of 145mm. The three port pieces, niiame machined 304 stainless
steel, were: 41mm diameter with a 50mm length, 4ldiameter with a 25mm length
and 35mm diameter with a 50mm length. This gives fmchamber radius ratios of
0.932 and 0.795 for the 41mm and 35mm diametes pespectively.
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L Removable port piece,
; Port plug insert
! 44mrr
145mn ; Cross section of chamber—_y)\
‘
! Air gap forming port
v .
PCB103A microphone
Side view Top view
Figure 4.2.2 Inverted port resonator with removableport piece allowing easy access to

chamber.

4.2.3 Buoyancy rig

A buoyancy rig was constructed, Figure 4.2.3, fovalaccurate objective volume
comparison of produce and mineral samples. Volumsasmrements were by
immersion of the produce and mineral samples. Buoyasolume measurements
could be made to within Ot3mL, an order of magnitude better than either the
resonant hunting or the Q profile shifting methotise principle of operation relies
on the difference in force for the weight of thengde as measured on the scales and
when fully immersed. The sample weight minus itsniensed weight will be the
volume in cmi (mL), dividing by the density of water will givéé volume in m (See
Appendix D, Section 4 for calibration and Appen#i%or mechanical drawings).

<4— Buoyancy frame resting on scales

Electronic scales

Ti Buoyancy Frame

< Immersion stem

Water container

Water

Immersed sample

Figure 4.2.3 Buoyancy rig used to either suspend rs@le or provide forced immersion for
samples less dense than water.

4.2.4 Agricultural produce and mineral samples
The following samples were measured using the lmayeag from Section 4.2.3, to
ascertain their volumes to withir@-8mL.
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Sample Type Volume (mL) Mass (g) Density (kg/f)
Potatoes A llam Hardy 232.8 244.9 1052.0
Potatoes B llam Hardy 256.8 269.4 1049.1
Potatoes C llam Hardy 154.2 162.4 1053.2
Potatoes D llam Hardy 143.1 151.3 1057.3
Potatoes E llam Hardy 151.6 160.2 1056.7
Kiwifruit A Kiwifruit 103.7 107.5 1036.6
Kiwifruit B Kiwifruit 76.0 78.4 1031.6
Kiwifruit C Kiwifruit 95.6 99.8 1043.9
Kiwifruit D Kiwifruit 103.3 107.8 1043.6
Kiwifruit E Kiwifruit 97.4 100.2 1028.7
Capsicum A Capsicum 48.1 31.8 661.1
Capsicum B Capsicum 53.5 34.3 641.1
Capsicum C Capsicum 50.3 30.4 604.4
Capsicum D Capsicum 51.5 35.4 687.4
Capsicum E Capsicum 50.2 32.4 645.4
Orange A Navel 158.6 151.5 955.2
Orange B Navel 150.8 144.0 954.9
Orange C Navel 141.3 133.0 941.3
Orange D Navel 157.2 141.4 899.5
Orange E Navel 159.0 147.0 924.5
Egg A Free range 56.6 62.2 1098.9
Egg B Free range 55.6 59.7 1073.7
Egg C Free range 55.3 59.0 1066.9
Egg D Free range 53.8 58.0 1078.1
Egg E Free range 65.8 70.1 1065.3
Avocado A Haas 197.5 197.3 999.0
Avocado B Haas 178.5 177.1 992.2
Avocado C Haas 186.9 185.8 994.1
Avocado D Haas 180.9 180.8 999.4
Lemon A Lisbon 117.3 106.4 907.1
Lemon B Lisbon 124.3 112.6 905.9
Lemon C Lisbon 112.7 101.3 898.8
Lemon D Lisbon 127.3 114.7 901.0
Lemon E Lisbon 132.1 121.9 922.8
Greywacke A Greywacke 82.2 218.5 2658.2
Greywacke B Greywacke 183.4 493.2 2689.2
Greywacke C Greywacke 149.7 399.7 2670.0
Greywacke D Greywacke 99.4 266.6 2682.1
Greywacke E Greywacke 74.5 199.0 2671.1
Schist A Schist 52.2 130.9 2507.7
Schist B Schist 61.0 154.9 2539.3
Schist C Schist 57.1 144.2 2525.4
Schist D Schist 101.5 260.6 2567.5
Schist E Schist 204.6 508.6 2485.8
Table 4.2.1 Various produce and mineral samples udén variable chamber resonator using

Q profile shifting.
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4.3 Methods

4.3.1 Phase shift technique

A new and alternative method for finding the volum&s investigated using

frequency phase shift information. A phase shifirade occurs in proportion to the
difference between the driving frequency and theinaé& resonant frequency of the
system. The closer the driving frequency is to rémonant frequency the larger the
phase shift. This is analogous to the phase dmét dccurs in resonant electrical
circuits.

The phase shift was initially measured using thre zeossing differences between the
driving signal and the microphone signal. Howetlee, zero crossing method was not
able to give sufficient phase data due to small @arteof microphone signal noise.
Zero crossings are locations where the amplitudbesignal passes through zero. To
overcome this, complete wave sections of the sidatd were analysed and compared
to the generated signal to better track phasersiift

The advantage of a phase shift method is an irsstantis volume measurement. With
a phase shift method the driving frequency canebaisthe resonant frequency for the
empty chamber system. Therefore, by measuring hlasepshift change as an object
passes through the chamber a phase shift to okipetmapping can be made and
hence allow for instant volume determination withthie need to chirp through a

range of frequencies.

4.3.2 Q profile shifting — Controlled decent

A new method of amplitude tracking and Q profileiftehlg (QPS was also
investigated. The new method would be able to deter the instantaneous volume
of an object in the chamber using predictive teghes based on characteristics of the
resonant peak profile. The resonant system is ilratats natural resonant frequency
for an empty chamber. As an object passes thraquglchiamber a microphone signal
change will occur, due to the driving frequency looger matching the empty
chamber resonant frequency.

The system will have a resonant frequency basedhernobject’s location and its
effect on the geometric properties of the resondtoportant to this process was
acquiring a Q profile, which defines the resonasslp to allow a predicted volume
measurement to be made. A Q profile was acquireérioempty chamber in which
the frequency is swept over a sufficient rangentduide the largest frequency shift
likely to occur for the largest object to be testédso required were accurate
temperature measurements as subsequent measurereetitely to be at different
temperatures than at the time of the resonant pealling. Temperature data is
incorporated in the Helmholtz equation for volunaécalations.

Assuming there will be negligible changes in therQfile shape for small changes in
chamber volume, the Q profile can be frequencytesthifo predict the volume of the
sample. The amount of frequency shifting requiradttie Q profile is determined by
the signal change of the port microphone. The graae signals difference between
an empty chamber level and one with a sample, thatgr the frequency shifting
required.
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The Q profile was interpolated using a spline a8l ae a %' order polynomial to
evaluate which would be a more accurate methoétéguency shifting. The spline is
ann order polynomial whera is the number of points making up the Q profile. A
fifth order polynomial was found to be the lowerlar that was capable of accurately
interpolating the Q profile over the required fregay range. Q profiles were
gathered for three spherical samples to gauge hoprofles changed with object
size. The three spheres volumes were 7mL, 23ml4and..

As an object passes into the top port a significadtiction in cross section of the port
occurs and there is a corresponding large microplsignal change. Once an object
has passed into the chamber both ports will be dfaaterference and the resonator
will behave in a similar fashion to that of the dynghamber. A reduction in
microphone amplitude will occur due to the systemlanger resonating at its ideal
level, caused by the chamber volume change. Bylidigithe frequency signal from
the microphone into individual cycles, a cycle-lygle analysis of the changing
microphone amplitude can be made as the objecepdsough the port and into the
chamber. The individual microphone levels are theginjected to a five point running
average to minimise outliers and noise.

Using this method three distinct regions can belyard, the empty chamber
amplitude prior to releasing the object, the pateiference amplitude as the object
passes into and out of the port and the amplituberevthe object was in a valid
measurement region within the chamber. By compategdifference in amplitude
between the empty chamber and the object in thie vagion a ratio difference in
signal can be determined. Next a Q profile sHifP§ was made in which the Q
profile was frequency shifted in intervals of 0.8025until the amplitude of the
trailing edge of the curve was at the ratio detbdig the microphone (signal ratio
between no sample and the sample in the centreeothamber). The number of
increments needed to achieve this ratio will deteenthe new predicted resonant
frequency. For example if 400 steps are requireactoeve the ratio change then the
new resonant frequency would be 400 x 0.005Hz, plupty resonant frequency,
plus the temperature compensation factor, FiglBd 4.

K | -

v
*
v
*

A B =0l

Figure 4.3.1 Software adjustments to the Q profileequired to make predictive volume
measurements. A is the frequency shift due to tempeure change, B the
frequency shift associated with a volume change arid the total change in
frequency that is used to predict the new resonaritequency. C is the amplitude
change proportional to the change in microphone leat at the initial resonant
frequency.
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From the newly determined resonant frequency anmtpéeature information at the
time of measurement a volume can be predictechiopbject based on the Helmholtz
equation for a multi-port resonator.

More formally the mathematical model was constdicéed can be described by
Equations (4.3.1) to (4.3.4). This uses Equation.?2R), Basic Equations, and linear
speed of sound compensation ¢oiThe object volumev is a differential volume; the
empty chamber volume minus the one measured camgaihe object. The first
frequency,freqlr,, is calculated based on a shift in temperatureesithe empty
chamber frequency scafneqlr: , at the initial temperatur@{mnp), Equation (4.3.2).
Equation (4.3.3) is the"Sorder polynomial approximation of the resonantpearve
i.e. the Q profile. Equation (4.3.4) is the valdetlte predicted resonant frequency
based on polynomial curve, temperature and the eurob frequency increments
required to reach the ratio of microphone atteouati

W{(331.4+o.534remp2)} {EJK 1 J_( 1 H 4.3.1)
27 I," |\ fredl, freq2,,

0.534] S,
2 )|Vl

fredl,, = fredly, + (T, —Tempzx (4.3.2)

dB( fredl,, ) = a,Dfreq’® + a,Dfreq* + a,Dfreq® + a,Dfreq? + a,Dfreq+ a, = Q(Dfreq)
(4.3.3)

dB( freq,, ) = Q(Dfreq + Afreq + dfreq;, -, ) (4.3.4)

where w is the object volumeTemp 1 and Temp 2 are the initial and subsequent
temperatures respectivel, the combined port ared, the length corrected port
length, freqlr, andfreqzr, the frequency al.mp 2before and after object insertion,
freqlr; the frequency affemp 1 before object insertiony. the chamber volume,
dB(freql1) and dB(freq2,) the amplitude in dB afreqlr; and freq2r, Dfreq the
driving frequencyfreq the change in frequency required to achieve aepéage
change in amplitude seen in lowering the objeaduph the chambedfreqgr,.t; the
change in resonant frequency due to temperatunegeha; to as the experimentally
found coefficients for the fifth order polynomial 6f the Q profile and2(Dfreq) the
fifth order meta function dependant on the drivireggjuency.

4.3.3 Q profile shifting — Free falling sample

For free fall tests two regions of port obstructmecurred. Of interest is the region
prior to port entry and that of the valid measuretregion within the chamber. Three
spheres were used in the freefall experiments, 28L85mm), 9mL (25.40mm) and
23mL (35.50mm). Sphere sizes larger than the 35b@hameter sphere tended to
collide with the chamber or cause unacceptablespresnterference in the ports. This
was due to the small clearance between sampleatdipe port having a diameter of
44mm.
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The same methods of recording and analysing date w&ed as those used in the
controlled descent procedure, Chapter 3, Secti®ri@. The only difference being the
removal of a five-point running average on micrapdgignals. This was performed
to give finer detail of microphone amplitude in tthecent with compromises in noise
level.

A cotton thread suspended the samples to be meladbesthread was then run over
the pulleys shown in Figure 3.2.4 (See Chapteregti@ 3.2.10). As the driving
frequency was started the thread was released umspérsded the sphere allowed to
freefall through the chamber. This was repeatedHerother two samples. A control
was conducted using a slower descent (50mm/s)ugegehanges in signal level for a
controlled drop versus a freefalling sample. Thaetito traverse the dual port
resonator was less than 2 seconds.

4.3.4 Environmental Normalisation Curve (ENC)

Spurious deviations caused by environmental effettsh as the loudspeaker,
diffraction and reflections, are a constant problanascertaining the behaviour of a
given resonator configuration (See Appendix D, BacB). To overcome this a
profile scan over the desired frequency range i stepping intervals was taken at
a location appropriate to where the port of theomesor would be without the
resonator present. This then provided a benchnemonse curve for the sound that
would be incident at the mouth of the port.

Using the environmental normalisation cunEeNC), a flat output of equal sound
pressure level could be produced by the loudspestkargiven special location. This
was achieved by inverting tHeENC amplitude profile to that measured at a given
frequency. The reversed amplitude signal was thesd un frequency generation.
Alternatively, theENC could be used in normalising Q profiles by lingderpolation
and superposition. To verify the techniqueEC was recorded and then used in a
subsequent frequency scan over the same rangee(aaime temperature). By taking
ENC over a range of temperatures it was also postibleack how the environment
changed with temperature and incorporate thi3®$&software algorithms.

4.3.5 Continuous Q Profile Shifting technique (QPS)

The previous method developed was further refined aised in continuous
measurements with the standard 1L, 2L and 3L chesnwéh a single port. The
software algorithms were also redesigned to ina@teo accurate temperature
tracking, dynamically shifted Q profiles, environmt& compensation and linear
interpolation rather than the previous polynom@ire fit. This allowed
measurements of a far greater range of volumeseaatlled good accuracy over a
wider range of temperatures.

The initial Q profile scan was similar to that usadhe controlled drop witlQPS
This consisted of pink noise followed by two sustes resonant peak scans and a
detailed Q profile scan. This profile was then uisedll the subsequent measurements
for the given set of measurements.

A more faithful curve interpretation is possiblengslinear interpolation of the Q

profile rather than polynomial curve fitting. Thigas achieved by initially taking a
detailed scan of the Q profile, typically 0.1Hz mimg. The Q profile is then
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superimposed on an environmental normalisation ecu®@NC) taken of the
surroundings at the same location as the port pi@oe, but with the resonator not
present (See Section 4.3.4). The result is a nssethl) profile free from anomalous
effects. The environmental curve is frequency stifin proportion to the difference
in temperatureENC) to the Q profile temperature. Hence, only oneiremvnental
profile is needed regardless of any subsequentaspe changes.

The normalised Q profile is then subjected to #m@es linear shifting procedure used
in the controlled decer@PSprocedure (successive frequency stepping to tinanesl
degree of microphone signal attenuation). The [paic difference is linear
interpolation of the shifted profile rather thannamerical calculation based on a
polynomial or spline. To make better use of the 1Qfile, where the gradient is
steepest, the driving frequency was selected atcatibn 1dB less than the peak
amplitude (at resonant frequency). This avoidedrédggon at the top of the profile
where there was very little change in dB/mL for Breamples.

Once the Q profile is acquired, the loudspeaketsmisingle tone frequency, which

is monitored in the port using the PCB micropho@entinuous volume readings

based on microphone signal changes are then degsplagmperature compensation is
dynamically applied by monitoring a Resistance Terafure Device (RTD).

An improved Q factor measurement system was alsorfporated. The improved
method uses a%order polynomial fit of the data between the low8dB frequency
and the —1dB upper frequency. This removes anyghioass’ in the Q profile, which
normally makes high accuracy Q measurements difficu

Temperature stability tests, Q profile stabilitgteeand calibration plots of varying
sample shape were used to confirm the validityheké techniques. Monitoring the
predicted volume with changing temperature woukt temperature compensation.
Inspecting Q profiles at different chamber sizesnmyuding regular solids would test
Q profile stability. Granular materials cannot bsed withQPS Because of their
porous natures the samples have an associatediagessstance causing attenuation
of the resonant peak. This attenuation is indistisigable from that caused by the
inclusion of a sample.

4.3.6 Inverted port resonators

An experimental trial on inverted port resonatorsswindertaken to determine the
feasibility of using an alternative method of measy sample volumes in a
Helmholtz resonant system. The inverted port re®oneonsists of a cylindrical
chamber and base with a removable concentric imsece forming the port, Figure
4.2.2. The ability to easily insert and remove fuwt piece, giving access to the
resonator interior, was the primary purpose ofingsthis configuration. This set up
avoids the need for air seals and provides a simpleof accessing the interior of the
chamber for volume measurement, which could belyidbsirable for commercial
applications of this technology.

4.3.7 Variable chamber resonator (VCR)

A variable chamber resonat®CR (See Section 4.2.1) was used with Q profile
shifting (QPS techniques similar to those described in Sectidh5. However, Q
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profiles were shifted and overlain witBNC data in real time to further refine and
speed up volume measurements.

The raw Q profile was first stripped of environnmedrdcomponents using tieNC data

to give a ‘naked’ Q profile. This naked profile wdeen frequency shifted and the
correspondingENC data superimposed. A comparison was then madeedfshe
resultant attenuation at the driving frequency imadc that detected by the port
microphone. If not, the process was repeated witheasing frequency shifting until
either the ratio of attenuation (as measured wiith \&ithout a sample) was detected
or the shifted profile was out of range.

In this way theQPS was dynamically dependant on tB&IC profile at any given
frequency. This method is more faithful to the t@erofile that would be measured
had there been a scan over that frequency rangeel@n between predictive
dynamic shifting was compared to actual Q profiesevaluate the success of this
method.

A complete set of solids testing and chamber flomsitions were carried out to act as
comparisons to earlier measurement techniques.sfdgithe chamber floor in 1mm
steps was equivalent to water calibration testsdeoied in the static Perspex™
resonator. A further use for tMCRwas to investigate rigid body resonators. The firs
generation resonators were made of Perspex™ h#rare; would be some acoustic
loss through the chamber walls associated withable of rigidity. In an attempt to
reduce rigidity losses thHéCRwas made of thick wall, 304 stainless steel pie36
schedule 40). It was hoped that there might benarease in Q factor with the
improvement in resonator stiffness. This would giae increase in frequency
determination due to a more defined resonant pedkreerefore improve accuracy.

4.3.8 Applications — Produce and mineral testing

A number of produce and mineral samples were medsusing a variable chamber
resonator YCR and dynamic Q profile shiftingQP9, Table 4.2.1. This would test
the VCRQPS methods suitability for these applications. Sampbé agricultural
produce included potatoes, kiwifruit, capsicumsnges, eggs, avocados and lemons.
Capsicums were included as they have a large miteid space, which the other
produce samples do not. Mineral samples comprisegtaywacke and schist. The
greywacke was a regular smooth stone with unifoensdy whereas the schist
samples were highly angular.

Five specimens of each sample type were measurgl, tie exception of the

avocados in which only four were measured. Volumasged from 50mL to

approximately 250mL. Most samples had a narrow sfme with the exceptions
being potatoes, greywacke and schist. The minemapkes, the kiwifruit, and the

orange samples were also measured with the reshoating method and the results
compared to identify trends between the two sysiemseasurement applications.
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4.4 Results

4.4.1 Phase shift technique

Using phase shifting proved difficult as the phabét for the objects being tested
was very small. For the 42mL spherical ball thegghshift was about 0.002 seconds
in the dual port 3L resonator. The uncertainty lis tmeasurement, using zero
crossing information, was typically 25%. Hence, tbe largest sample tested that
could pass freely through the ports, the accuraay mited to £0.5mL.

By observing larger numbers of wavelengths bettsolution was achieved up to
about_ 8% of the chamber volume. Further work would beunesgl to fully test this
method. However due to superior resolution in npbane attenuation occurring, Q
profile shifting was deemed a better measuremetbropThe fastest speed tested at
which reliable data could be collected was 80mnife benefit of the phase shift
method was its ability to give near instantaneasults. Only preliminary results
were gathered for this component and as such wesefficiently detailed for
presentation here.

4.4.2 Q profile shifting — Controlled drop

Results from resonant peak profiling with differisgmple sizes showed there was a
distinct loss in resonant peak amplitude causeehnvyronmental effects, Figure 4.4.1.
From previous data using static measurements tfaetQr was observed to be nearly
constant over small changes in sample volume. & expected that the resonant
amplitude would also remain fairly constant. Figdré.1 shows the resonant peak Q
profiles linearly decreased with increasing sange over this narrow measurement
range.
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Figure 4.4.1 Q profiles for four chamber configuratons, each using a different sized sphere.

Using a 3L chamber with two 22mm radius, 51mm asymetric ports.

A plot of resonant peak decay with increasing sangite revealed a near linear
relationship for the small range of samples tedteglire 4.4.2. This decay value was
factored into the Q profile shifting procedure thow better resonant frequency
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prediction in determination of the object withinetikthamber. Therefore, as the Q
profile is incrementally increased, a further aruyale increase is applied to allow for
the natural decline in the resonant peak with iasireg sample size. The cause of this
decline is a combination of loudspeaker frequenfficiency and environmental
factors such as sound absorption for the giverrenmient (See Section 4.4.4).
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Figure 4.4.2 Resonant peak with increasing sampléze for Q profile shifting. Tests used a
3L chamber with two 22mm radius, 51mm asymmetric pds.

The effect of an object passing through the poeatly altered the microphone’s
instantaneous Root Mean Squa(Bd/19 voltage amplitude, as can be seen in Figure
4.4.3 where large dips are present as the sampgegahrough the ports. Even with
the smallest sample (7mL) a significant amplitudduction is observed. The dips
represent markers that can be used to delineatehthmber region. By taking a
measurement centred between the dips a readingeathamber mid point was
acquired. This was then compared to the initiaflireg@and the ratio was then used in
Q profile shifting.
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Figure 4.4.3 Reduction in RMS amplitude as samplgsass through the chamber at 80mm/s.
Transition dips are present as the samples pass thugh the ports. Using a 3L
chamber with two 22mm radius, 51mm asymmetric ports
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The maximum speed at which a sample can descewndgtnrthe chamber is a
function of the port to sample diameter ratio angpdspeed. The measurements made
in Figure 4.4.3 were at 80mm/s. In Figure 4.4.3i$icant ‘horns’ start to appear for
the 42mL sample. These horns press into the measuteregion. Interference
between sample and port give rise to the horns iadawered through the port. The
tighter fit between the sample and the port thgdathe horns.

Using theRMS amplitude tracking with Q profile shifting, accares of ©.1% of
full-scale fill were achieved and repeatability €9.04% of full scale. For the 3L
chamber this represent8mL and_f.mL respectively. This is similar to the accuracy
achieved in static measurements using the resdmamting method of Chapter 3
(+3mL accuracy and HmL repeatability, assuming no disassembly). Bezanis
restriction in port diameter a large sample rarmgdnot be used to verify accuracies
of larger samples.

A comparison between a spline vs."adder polynomial fit was made to determine
which would be best suited to interpolate data ipr@file shifting over the frequency

range of 183Hz to 187Hz. A polynomial of degree &whe lowest order capable of
accurately reproducing the resonant peak curve.

For an empty chamber the two methods gave almesitizhl results, Figure 4.4.4.
This is in contrast with data collected in an eartest shown in Figure 4.4.1, which
contains a number of ‘kinks’ for the empty chambarrther testing with samples of
42mL, 23mL and 7mL revealed better consistency wlatsined using a'5order
polynomial rather than a spline. A number of rep@aprofiles indicated profile
‘kinks’ were non-repeatable aberrant behaviour @ased with environmental effects.
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Figure 4.4.4 Comparison between spline fit and"5order polynomial using an empty

chamber. 3L chamber with two 22mm radius, 51mm asymetric ports.

The volume deviation using a spline tended to lbgelawhen the sample size was
small, with deviations of 4mL, 5mL and 5ml for th8mL, 23mL and 7mL samples

respectively. The polynomial fit had a near linealume deviation of 2mL, 3mL and

2mL for the 3 sample sizes tested. This shouldxpeated, as any aberrant ‘kinks’ in
the spline near the top of the Q factor curve sthgute the biggest deviations.
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A changing the decent speed varies the number ofoptione data points, thereby
limiting the discernable information at the stafttibe drop and the critical centre
region of the chamber. Results for a variable dpged, Figure 4.4.5, were used to
create a chamber map of varying speeds. From thigpger limit of 100mm/s was
reached for the 42mL sample due to the lack oflali@ data at the start of the
controlled drop and poorly defined data in the eemégion. The peak value of the
horns and their penetration into the chamber wasddo be independent of the drop
speed. This suggests that the horns are a funofigort to sample diameter ratio
only. The chamber length is roughly 300mm, so ttaadit time through the 3L
resonator is this length divided by the descenédpe
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Figure 4.4.5 Changes in descent speed for an alumim sphere of 42mL. Speeds 1, 5 and 10
are 28mm/s, 50mm/s and 100mm/s respectively. Tested a 3L chamber with
two 22mm radius, 51mm asymmetric ports.

Temperature effects were again found to be vemifsaggnt at these high accuracies
and must be accounted for if temperature stabibtyto be maintained, as was
observed in Chapter 2, Section 3.4.3. By constdrdbking the temperature to within
0.1°C the resultant volume calculations could bpt ke within ¥LmL when repeat
measurements were made of the same sample oveiGantange in temperature.

4.4.3 Q profile shifting — Free falling sample

In contrast free fall tests were not successfuhasnumber of complete cycles at the
driving frequency was inadequate to be represemtaii the measurement region
within the chamber. Comparing the measurement fdatthe 23mL ball, between a
free fall and controlled drop, revealed the platsenal level was never reached in
the free fall test, Figure 4.4.6. A similar pattevas seen in a test conducted with a
9mL ball.
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Figure 4.4.6 a) Free fall data for 9mL and 23mL spéres. 9mL sphere measurement at 0.1s

and 23mL measurement time at 0.25s b) comparison efower descent speed at
60mm/s. Tests used a 3L chamber with two 22mm radéy 51mm asymmetric
ports.

4.4.4 Environmental normalisation curve (ENC)

Anomalous effects caused by loudspeaker, diffracsind reflection can significantly
alter the measured Q profile. This is visible igu¥e 4.4.7 where the leading edge of
the Q profile is distorted by environmental effedising superposition techniques the
Q profile can be restored to its true shape. Thigcgss was essential in the
development of an accurate Q profile shifting mdtilogy described and applied in
Section 4.4.5.
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Figure 4.4.7 Corrected Q factor curve usindENC.

As part of the environmental normalisation curg(C) verification method aiENC
post processed Q profile was directly compared dyreamicENC Q profile, Figure
4.4.8. The two Q profiles lie atop each other destrating the validity of th&NC
process. If differences were seen between the twblgs this would indicate the
ENC data was not able to adequately compensate fdotiuspeaker, reflection and
diffraction effects.
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Figure 4.4.8 Comparison of Q factor curve dynamidéy adjusted with ENC data and the
same Q factor curve post processed using tlEENC data.

Environmental effects (Temperature, reflection difftaction) also have the potential
to shift the true resonant frequency. This is ddpehon how strongly the system is
resonating and the levels of environmental atteanaOften the resonant peak would
coincide with a major environmental peak or dipr Exkample the resonant frequency
of the empty 3L chamber and 170mm long port coméigan was approximately
83Hz, which coincided with a region of very poorvieanmental stability between 60
to 100Hz, Figure 4.4.9.
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Figure 4.4.9 Stability and linear shifting of envionmental profile with changing temperature
between 60Hz-100Hz.

Figure 4.4.9 also shows that the environmental euhas small temperature
dependence. In this instance there is an averagtzdncrease in the profile for an
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approximate 10°C rise in temperature. This enviremia temperature dependence
must also be incorporated in the following proceduwisingENC data.

To gauge the full array of environmental effects@mrofiles an examination of the
resonant peak amplitudes for a range of chamberldilels using water was
undertaken, Figure 4.4.10. The equipment used @8It chamber and 51mm long
port. An ENC is also shown demonstrating that the resonant pagiitudes follow
closely the profile of th&aNC. Necessitating the use &NC data in conducting Q
profile shifting.
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Figure 4.4.10  Resonant peak amplitudes for varioushamber fill levels and theENC profile.

When Q profiles were rerecorded incorporatingEdC profile, the resonant peak
amplitudes still displayed significant variations height for fill levels greater than
approximately 500mL, Figure 4.4.11. The Q profile=re consistent with only minor
changes in slope or value up to approximately 14tk fill level approached 1L, the
Q factor value reduced indicating a steady declimeresonant energy. A flat,
corrected profile is also shown in Figure 4.4.1indestrating the incident energy at
the port was of equal sound pressure level. Thexgfoeaks and dips in resonant
energy are purely a function of the resonant systéhme onset of Q profile
broadening at 1L is not in keeping with observationade with the 3L Perspex
resonator, which had a consistent Q factor up & 8amber fill. The cause of this
discrepancy is unknown.
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Figure 4.4.11  Q profiles for increasing fill with ENC corrected curves using a 3L chamber and
51mm port with increasing fill level using water.

4.4.5 Continuous Q profile shifting technique

Five successive repeat Q profiles were recordeugahath five repeat environmental
normalisation curveseNC) to ensure the software and hardware components we
capable of replicating results under the same phlstonditions. Figure 4.4.12
testifies to the integrity of the software algonith and hardware used. The deviations
from the first trial to the last show negligibleastge in either Q profiles dENC
profiles. The loudspeaker and items in the immedmbximity of the resonator have
temperature and humidity associated characterigtidgt is these items that are likely
to account for differences BNC profiles.
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Figure 4.4.12  Five repeat measurements of the Q dile and the environmental curve at
17.0°C showing negligible variation.
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The Q profile shifting QP9 technique relies on the Q profile being invariarith
temperature. To test this assumption a 3L chami5amm long port configuration
was tested with Q profile curves superimposed wethperature compensat&iNC
data. Both an empty chamber and one containingBeR&teel sphere were tested at
two temperatures, Figure 4.4.13. Despite an almuse degree increase in
temperature the results indicate almost identicafilps with negligible deviations in
Q profile shape. This result shows the profilesngeain frequency with temperature
but not shape.
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Figure 4.4.13  Temperature stability tests at T1 (29°C) and T2 (13.6°C) using a 3L chamber
with a 51mm port and a 278mL steel sphere sample.

Amplitude deviation between Q profile curves is @pmately 1dB for the two
different temperatures with and without a samplepldicement of 278mL, Figure
4.4.14. Sound pressure level deviation data waseddny aligning the resonant peaks
of the T1 and T2 Q profile curves. The rapid zerossing at 127Hz and 134Hz
represent the alignment frequencies for the empty sample displaced chamber
respectively.
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Figure 4.4.14  Temperature stability: Sound pressue level deviation for the empty chamber
and for a 278mL spherical displacement sample. Resator has 3L chamber
with 51mm long, 44mm diameter port.
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An empty chamber profile has been frequency shiftedverlay one taken when a
278mL steel ball was present to demonstrate thdl sle@ation in Q profile, Figure
4.4.15. The shifted profile having marginal profilieergence results in the need for a
calibration curve seen in Figure 4.4.17. The 27&tdel sphere represents one of the
largest samples that it was feasible to measureg @PS As profile deviation is a
function of sample size, the majority of sample#i have profiles with significantly
less divergence.
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Figure 4.4.15  Q profile stability profiles taken atconstant temperature and using 278mL steel
sphere sample showing profile insensitivity to volme change. Also shown is a
frequency-shifted profile of the empty chamber to Bow direct comparison. The
chamber was 3L and port 51mm.

The amplitude deviation is maximal either side e tesonant peak reaching values
+1dB, Figure 4.4.16. This difference occurs becahseQ profile is changing shape
and is not symmetrical about the resonant frequefbg asymmetry changes with
sample size and shape. Minor variations in therenwiental normalisation curve can
also exaggerate this effect.
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Figure 4.4.16  Q profile stability: associated souhpressure level deviation for a 278mL
spherical displacement sample. Resonator has 3L amber with 51mm long,
44mm diameter port.
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Volume measurements were conducted using the iredr@PS method with a
number of spherical, cubic samples and water atingufill levels. The improved
QPSmethod incorporates an empirically derived flafaggor (See Chapter 3, Section
3.4.11), a temperature factor (See Chapter 3, @e@ti4.3), linear interpolation and
ENC Q profile correction using super positioning.

The cost of these enhanced features was a comphodtiigneck when performed
using a computer having a 2.4GHz Intel CPU. Vargé numbers of calculations
must be made every second which increases propalijoto the quantity of Q
profile shifting required, the larger the volumeethreater the frequency shifting.
Coupled to the calculation times are the thousafdsamples being analysed and
generated every second by the data acquisitioersysthis restricted the maximum
measurable sample volume to about 300mL in a 3mblea with a 51mm port.

Despite the limited volume range the continu@QRS method was able to measure
samples to an accuracy obmL with a repeatability of 2mL (+0.2% full scale fill).
This is similar to the previouQPS method and the traditional frequency scanning
method. The dual pofPSexperiments with controlled drop were limited torgple
sizes of approximately 50mL in a 3L chamber.

As with other techniques in this investigation setorder curve fitting was required
to counter discrepancies between theory and measute Comparisons between
different sample geometries are given in Figure.1Z4 all of which can be
represented by a second order volume deviationecuB®nly small changes are
required in second order trends for the range tdimes tested. For small volumes
between 0-220mL an averaged second order curie ddpable of giving accuracies
of +6mL (+0.2% full-scale fill or_2% for largest practical sample) irrespective of
sample geometry, Figure 4.4.18. For samples lattggm 220mL divergent second
order corrections make specific curve fitting aassity.
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Figure 4.4.17  Volume deviation data and second ordeolynomial fitted curves for differing
sample shape using the continuou@PSmethod. Resonator has 3L chamber
with 51mm long, 44mm diameter port.
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Figure 4.4.18  Continuous QPS deviation volume frortrue volume using a generic correction
factor on water fill, sphere and cube volume. Resator has 3L chamber with
51mm long, 44mm diameter port.

Similar second order volume deviation trends wése abserved when the smaller 1L
and 2L chambers (170mm port) were used with thithatk Accuracy based on the
full-scale chamber volume also remained similarcukacy was 2mL for the 1L
chamber with repeatability of0t6mL. The 2L chamber had an accuracy 4mt
and a repeatability of BmL respectively. This indicates the method is adal for
differing chamber sizes.

The typical time for a measurement to stabilise alagut 3 seconds. This is in part
due to the investigator causing a temperature gnadio occur when inserting a
sample into the chamber. The system requires thexqualibrium to be achieved to
make an accurate volume measurement. Also, the goiganlocation of the
investigator disturbs thé&NC profile. Therefore, not until initial environmehta
conditions are replicated will measurements bedvali

An improved Q factor measurement system gave reQedactor values of %,
whereas previous techniques, using the raw Q profdere only able to give
repeatability of 8. This improved method was also useful in makinedgtions of
the resonant frequency, as it allowed a more preatue to be determined. Normally
the peak of the Q factor has a certain ‘roughnassociated witbbAQ amplitude
measurement limitations. In configurations withoavla Q factor this method offers
improved resonant peak determination as it effettismoothes the peak of the Q
profile.

4.4.6 Inverted port resonators

Q profiles seen in Figure 4.4.19 were gatheredguiree port insert variations (See
Figure 4.2.2) with environmental factors negatedingisthe environmental
normalisation technique described in Section 3.Bh# two inserts with diameters of
41mm showed significant resonant peak broadenidgcating substantial viscous
losses associated with acoustic resistance inotine 6f boundary layer effects. As the
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port area is similar to the regular resonators ukedosses associated with radiation
resistance are expected to be comparable. By afgpdsio contrasting port plug
lengths, each resulting in low Q factors of appnwadely ten demonstrated the losses
are definitively boundary layer related and nottpength related, Figure 4.4.19.
When a port plug of 35mm diameter was implementesl resonant losses were
significantly reduced and the Q factor increase83o
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Figure 4.4.19  Environmentally normalization curve,corrected curve and inverted port
resonator Q profiles curves with three port insertplug configurations.

Using equations from Appendix A, Section 9 the ltarg layer thickness could be

assessed for the inverted port inserts. Theseteesirh values of 20% and 17%
boundary layer thickness to port thickness for4thenm diameter plug insert having
lengths 50mm and 25mm respectively (Figure 4.4. 28 boundary layer thickness
calculated, reduced to 5% for the 35mm diameterglag insert. Successful resonant
frequency predictions indicate the port area isabetyg in a similar fashion to a

traditional port. However, the boundary layer pestes into the port to a far greater
degree, interfering with the resonant moving aissna
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Figure 4.4.20  Boundary layer to port area becomesibstantial for the inverted port resonator
necessitating a large port area.

The measured resonant frequencies and those fosing port radius equivalents

were within 1% for the 41mm diameter inserts havegmggths of 25mm and 50mm.

The 35mm diameter insert predicted value disagbgedore than 3%, despite having
a far superior resonant Q factor. The Q factorgHerinverted port resonators showed
large divergence from the theoretical values innailar manner to inconsistencies

found with the standard resonator configurationediRted Q values were between
103-399, but actual values fell well short, randirggn 10-33.

4.4.7 Variable chamber resonator (VCR)

Results for increased Q factor due to resonataditygwere tested with the variable
chamber resonator first numerically and then thho@ factor measurements. The
effects of chamber rigidity were evaluated as foflo The characteristic impedance
(poCo) for air is 415kg/rfs (rayls), water 1.48x2fayls, aluminium and Perspex™ ~17
x10°rayls and steel 47x%6ayls (Blackstock, 2000). Therefore, the impedanicair is
41,000 times less than the most readily couplingen®, Perspex. This suggests
transmission from one medium to another though wiladl materials should be
negligible. However, wall diaphragm effects majl & significant.

Measurements of Q factors for the variable chamiespnator YVCR were not
enhanced by an increase in resonator rigidity. reésenator end plates are made from
high strength alloy aluminium and the resonatorybfsdm thick wall 304 stainless
steel (schedule 40). The movable floor of the rasmmis 10mm thick aluminium with

a 1.7mm O-ring seal. The required force to overctimeelinear actuator is in excess
of 45N. Despite these improvements in resonatoifneis the Q factor was
consistently between 50-60. This is similar to tbasults for the Perspex™ resonator,
indicating very little acoustic losses are occigrihrough the chamber wall, floor and
ceiling.

Calibrations using the improved dynamically shift@dorofiles were still best fitted

by second order volume deviation curves similathtwse observed in the continuous
QPStechniques conducted in Section 4.4.5, Figure24.4.arger volume divergence
was apparent in the fitted curves between the réiffte sample geometries when
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compared with those in the continuoQ@®S calibration data. The reason for this
difference may be associated with the disparityesonator geometries, differing base
chamber size and port length. Loudspeaker instigsilat frequencies below 100Hz
could also cause differences in scatter betweenctimtinuous and dynamiQPS
calibration data.
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Figure 4.4.21  Deviation volume and second ordertied curves, implemented withVCR using
QPS when calibrating for a piston, spheres and cube¥.CR resonator has 3.5L
chamber with 175mm long, 44mm diameter port.

Using a generic second order curve fit the voluroeueacy of theVCR could be
maintained to within_6.3% (¥10mL) of full-scale fill between 0-220mL, Figure
4.4.22. This is a poorer result than the continuQES procedure. However, this
uncertainty could be improved if a shorter port evémplemented to raise the
frequency range of operation over 100Hz. Loudspeakstabilities at sub 100Hz
frequencies limits the potential accuracy in tloafuration.
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Figure 4.4.22 VCR deviation volume from true volume using a genericorrection factor on
piston, sphere and cube volumes&/CR resonator has 3.5L chamber with 175mm
long, 44mm diameter port.
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Accuracy could be improved td2% (+mL) of full-scale fill, Figure 4.4.23, when a
specific curve fit for a given sample geometryngpiemented. Again, it should be
possible to improve this value t®A4% by the use of a shorter port to increase the
resonant frequency above 100Hz. The large quanitggatter is most prevalent in the
piston driven variable chamber data despite hasinglume uncertainty of less than
+0.5mL. This suggests data scatter is caused bgrfauiternal to the resonator. This
is further confirmed by measurements made in archame chamber (IRL, Lower
Hutt, NZ) in which scatter persisted and accuracyldt not be improved beyond
+6mL (See Appendix D, Section 3).
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Figure 4.4.23 VCRvolume deviation from true volume using a specifisecond order
correction on piston, sphere and cube volumes. Reasator has 3.5L chamber
with 175mm long, 44mm diameter port.

By comparing the measured Q profile and a frequeshifged Q profile the accuracy
of the dynamicQPS technique was tested, Figure 4.4.24. This showsgima
differences in the two profiles. To further resobleviations Figure 4.4.25 is plotted
with a standard deviation of 0.4dB over the giveaqfiency range. Agreement
between the measured Q profile and the frequenidtedhQ profile was able to
confirm the method of dynamic super positioninghe# environmental normalisation
curve ENC) data onto the ‘naked’ Q profile to adequatelydmethe Q profile at
differing chamber volumes. This reduces the needsfpecial environments for the
Helmholtz resonant volume measurement system.
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Figure 4.4.24 VCRwith dynamic QPSof 133mL sample showing original (empty), predicte
and measured Q profiles. Resonator has 3.5L chambarith 175mm long, 44mm
diameter port.
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Figure 4.4.25  Plot of amplitude deviation with chaging frequency for 133mL sample,
predicted and actual Q profiles. Resonator has 3.5thamber with 175mm long,
44mm diameter port.

As the displacement in the chamber becomes latyerability of the software
algorithms to accurately predict the Q profile reelsias other factors, such as sample
geometry, start to affect the resonant behaviolnis effect can be seen in the
measured and predicted Q profiles, us@BS for a 215mL cube, Figure 4.4.26.
Figure 4.4.27 gives the amplitude deviation ploheTresonant frequency is over-
predicted, which is revealed as a rise in the aom#i over the frequency range 76 to
80Hz, Figure 4.4.27. This increases the standaveéhtien to approximately 0.8dB.
As the sample occupies more of the chamber space®asing impedance occurs in
the chamber. The sound wave propagating througlkhthmber experiences different
impedances above and below the sample.
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Figure 4.4.26 VCRwith dynamic QPSof 215mL cube sample showing original (empty),
predicted and measured Q profilesVCR resonator has 3.5L chamber with
175mm long, 44mm diameter port.
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Figure 4.4.27  Plot of amplitude deviation with chaging frequency for 215mL cube sample,
predicted and actual Q profiles.VCR resonator has 3.5L chamber with 175mm
long, 44mm diameter port.

4.4.8 Applications — Produce and mineral testing

When testing produce and mineral samples usingrdyn® profile shifting QPS,
results were generally within2mL, the only exception being avocados, which were
measured to an accuracy ddmlL. Each sample type required an appropriate ffse
and/or curve fit to allow for their characteristexture, surface hardness and acoustic
diffraction properties. When the sample size vamaiwas less than 20mL from the
smallest to largest, only an offset value was megli Figure 4.4.28. A calibration
curve was required for samples having a largergarigsizes such as the greywacke,
schist and potatoes.
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Figure 4.4.28  Produce tests displaying the deviaticof the predicted volume from the actual
volume.VCR resonator has 3.5L chamber with 175mm long, 44mmiameter
port.

Oranges and lemons had comparable behaviour, haumnidar skin attributes and
required a single offset value to measure theiaw@s to within 2mL, Figure 4.4.28.
Kiwifruit having a hairy surface and no pithy skehaved slightly differently to the
citrus samples and required only a small offsetuealto maintain volume
measurements to within 1mL. Potatoes had a sizeitwar of over 100mL from
smallest to largest and when second order curtiegfitvas used accuracy was within

+2mL. Generally, the softer produce samples tendetiave their volume under
predicted.

The greywacke and capsicums were the only sampkstgemonstrating consistent
over prediction in volume. Schist samples had v@uteviations similar to potato

samples, Figures 4.4.28 and 4.4.29. To the auttrmw/ledge there is no published
information on acoustic scattering/absorption cdubgy minerals or agricultural

produce, and as such is a further area for investigz However, it may be

anticipated the combination of scattering and elggbperties of the skin/surface will

be significant.
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Figure 4.4.29  Mineral tests displaying parabolic deation of greywacke and linear deviation
of schist samplesVCR resonator has 3.5L chamber with 175mm long, 44mm
diameter port.
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Significant differences were seen between the meamnts on the smooth
greywacke samples and the schist samples. Withoppate curve fitting both the

greywacke and schist samples could be measuredhmvwmL over the size ranges
tested. The greywacke samples could be charaaefise second order over

prediction, Figure 4.4.29, whereas the schist sarshbwed an almost linear under
prediction with increasing sample volume.

The mineral, orange and kiwifruit samples were mes$ again using the resonant
hunting method described in Chapter 2. /&R was used in order to give a general
comparison between the two volume measurement nsgst€&igure 4.4.30. The
traditional frequency scanning technique was usild & chamber volume of 3.5L,
identical to theQPSchamber volume. Under prediction was observedHherschist,
kiwifruit and orange samples and over predictiontfe greywacke samples. These
results mimic those gained usiPS indicating consistent trends between the two
systems. Accuracy using frequency scanning vZasl+for all the samples when used
with appropriate offsets/curve fitting. The measueat accuracy for the frequency
scanning method could be increased by selectingaler chamber to improve the
sample to chamber volume ratio.
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Figure 4.4.30  Comparison of two mineral sample typeand two produce sample types as
measured inVCR with 3.5L chamber volume.

When the variable chamber resonadd€CR chamber volume was reduced to 2L the
volume accuracy for the greywacke and schist sasngeld be maintained to within
+1mL, Figure 4.4.31. These results are consistetiit tends seen in previous results
using the Perspex resonators where accuracy wasadn of chamber size. Tests on
produce are not presented, as the timeframe wasegrhan three days between data
gathered for tests using the smalMCR chamber size. This time delay between
measurements meant the produce sample propertresnetnecessarily the same as
those at the time of earlier testing (i.e. Changesardness and density due to
maturation). However the greywacke and schist tesale indicative of what had
been observed in earlier parts of this investigator a smaller chamber size.
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Figure 4.4.31  Greywacke and schist samples as meesiliin VCR with chamber volume of 2L
with low deviation in volume measurement.

In preliminary produce testing four grapefruit voles were measured using both
QPSand frequency scanning (results not presented)h&de, one had a significantly
different density value, approximately 60gfcfiess than the others. Upon cutting
open this sample it was found it had a void spddeetween 2-5% by volume. This

result suggests the accuracy of this system maguffecient to sort samples with

hidden void spaces. Produce having an internaktycaas may occur with capsicums
and apples, represents another potential use floerédPS or frequency scanning

measurements. A puncture between the internalycanidl the external surface will

give a highly aberrant volume measurement, regulim a density error when

incorporated with the sample’s weight.

Tests with golf ball sized hollow plastic balls wipuncture hole sizes of 1mm and
2mm gave volume results of approximately 50% an®b X their non-punctured

volume respectively. This is consistent with pdrth@ internal space being ‘visible’

to the driving frequency within the chamber. Theoamt of coupling between the
inside of the ball to the outside is a functiontbé& puncture hole diameter. The
transition for these samples occurred at the 1-Ziamge, which is consistent with
observations of boundary layer penetration dependen(See also Appendix A,

Section 9).

125



126



4.5 Discussion

4.5.1 Phase shift technique

The phase shift method may prove useful in portnd¥ex configurations with a larger
port radius. This would allow an optimisation ofrpoadius to sample diameter.
Improved accuracy and a larger phase shift can &eed when there is an
appropriately matched object to port ratio. A carefxamination of phase shift to
object size will be needed. The phase shift forléingest object must be as close to,
but less than 90 degrees to make the greatestigamcsurate measurement.

Investigation using larger numbers of repeat freguesampling was able to improve
resolution and accuracy to approximate8#s full-scale chamber fill. However there
was an increase measurement time and despiteis@gnifgains in accuracy the Q
profile shifting method was able to give far supemiesults. However, this method
remains tenable and represents a potential ardattoe study.

4.5.2 Q profile shifting — Controlled drop

The microphone amplitude tracking method with Qfifgoshifting (QPS method
proved successful with accuracies and repeataliiitylar to those gained using the
resonant hunting method. Using wider, longer pdrtggrovements could be made
that would allow larger samples to be tested ammkisor resonant peak amplitude
profiles gained.

Tests were made on the time needed in the chambentsal region for a required

accuracy as objects traversed the chamber. Ifehtrad region is made large then the
height of the chamber must increase in size acaglyli The problem of pressure

differentials within the chamber then arises whaa length of the chamber starts to
approach % wavelength of the resonant frequency.

Panton and Miller (1975) noted the pressure diffeeefrom the top of the chamber to
the bottom starts to become significant at a®lis’/1\, for high accuracy systems.
This pressure differential invalidates the use @inhholtz resonator equations as
these equations assume a lumped invariant pregstivia the chamber. The methods
for non-lumped pressure require the chamber to &leulated as a pressure
continuum. Further details can be found in SelaametLee (2003) investigating non-
linear effects within the chamber.

For small samples, causing only a slight frequestuft, accuracy is compromised
due to correspondingly small changes in amplitudleuathe resonant peak. As the
object size increases the changes in microphonditadg per millilitre become
greater and more linear. Therefore, it is more tpralcto use a driving frequency
either higher or lower than the resonant freque@mnsistent volume uncertainties
can be achieved if the linear portion of the resbraurve is used to predict new
resonant frequencies.

In a similar way, it maybe possible to use a higtigving frequency. For large
volume resonators a benefit may be had in usingndyifrequencies higher than the
resonant frequency. For large resonators, in thkeiccumetre range, resonant
frequencies maybe in the 10Hz to 30Hz range, farltav to be practical using
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standard loudspeakers. But this may be avoidedslmgua higher driving frequency,
far to the right of the resonant peak.

The maximum usable range of the resonator will &emhined by the Q factor. The
steeper the Q factor the less the usable rangéhéletter the resolvability of sample
size. Either side of the resonant peak a ‘deadbregxists for which the resonator
looks like an acoustic barrier to the driving freqay. For this investigation this
occurred at signal levels less than —50dB.

Microphone signal data contained large amplitadensfor a sample moving through
the chamber (See Figure 4.4.5). These were lafgessample that had a cross
sectional area close to that of the port area.shte of thehornswas independent of
the descent speed. The likely cause is blockinth@imoving mass of air at the port
exit, within the chamber, as seen in the chambgapmg experiments of Chapter 3,
Section 3.4.9, Figure 3.4.32. It is therefore nsaps to have a port area
approximately twice the sample’s cross sectionahaiDoing so will enlarge the
centre measurement region, minimise the horns how the fastest possible decent
speed.

The typical time taken in making a Q profile shiftmeasurement is approximately
three seconds. This is a substantial decrease iinte when compared to more than
40 seconds to make a similarly accurate measuremgng the resonant hunting

method. However, a restriction in sample size e#iis limits the maximum size of a

sample to what can be fitted through the port ec&and exit.

Two alternate methods for measuring volume rematesied, but may be viable. The
first using the transition time for the sampleraverse the port and second the change
in microphone signal level observed as the objastses through the port. Both these
methods rely on the sample being roughly spherteal.each method the relationship
would need to be modelled. These two methods n&y la suitable for free falling
samples.

4.5.3 Q profile shifting — Free falling sample

Free fall measurements using the Q profile shiftmeghod were unsuccessful, but did
reveal sufficient differences between samples toramh future investigation. No

plateau region was seen, mid chamber, in the falledata. This indicated that

insufficient repeat cycles were gathered at themlyifrequency. It may be possible to
modify existing software to reinterpret the profitiata, but this would require

extensive investigation with careful consideratiginen to factors likely to affect

interaction between sample and port.

A measurement region does exist with a limited neind$ data points. By performing
a numerical integration on the perturbation theesy toe sufficient data for a volume
measurement. Whether this can be further refinedldcve an area for future
investigation. However, refinements in acquisitaould need to be conducted to
establish its plausibility. Alternatively, a fargher driving frequency may give more
cycles in the central region within the chamberisTlwould have to be considered
carefully as higher frequencies cause more sigmfipressure differentials within the
chamber and port.
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4.5.4 Environmental normalisation curve (ENC)

In calibrating the microphones (See Appendix D, t®ac3) it was possible to
calculate pressures in the port and chamber, eveagh these were not directly
relevant to any particular part of the investigatiBut, from these calibrations a fifty-
fold increase in pressure was measured betweeantiéent level and the chamber
for a Q factor of approximately sixty. This candmntrasted to a pressure increased of
only ten in the port at this Q factor.

The PCB103A microphone’s calculated sensitivity uealis dependant on the
reference sound measurement device used and thktystaf environmental effects.
Using an environmental normalisation curve profilas able to remove deviations
caused by loudspeaker, diffraction and reflectithrereby eliminating one of two
possible sources of error in sensitivity calculasidthe other being the sound meter
calibration). When this was undertaken a 1V peak sthange in signal level gave
3dB (#0.1dB) signal change in measured sound pressuet v both the sound
meter and the PCB microphone. This similarity isutes between the microphone
and the sound meter allowed subsequent experimpridakdures to be conducted
with objective sound pressure level readings.

Because the resonant system in this investigasom ian open environment it is
susceptible to external anomalous effects as mmeadiopreviously, loudspeaker,
diffraction and reflection. The usual solution & ¢ouple the resonator to a zero
impedance tube (anechoic termination) and loudsgeadmbination (Selamet al.,
1995), but this induces problems such as port ae tcoupling, which create
difficulties greater than an uncoupled system.

Successful negation of the environmental factorss veecomplished using an
environmental normalisation curveENJCQ) in which environmental profiles are
superimposed with reverse frequency amplitudes @htorofiles. This was able to
give environmental free Q profiles for resonatonfagurations. The validity of this
method was proved when the driving frequency anniitwas superimposed with the
ENC profile and compared to a post-processed Q prd@ieh Q profiles were found
to be nearly identical, one created dynamicallge@ time and the other through post-
processing.

A non-repeatabl&NC region was found over the frequency range 60HZ00QHz.
Even when the temperature was invariant, reg®Ht profiles were found to change
significantly over this frequency range. The louglsger is the likely cause, as this
range is close to its natural resonant frequen®gitz), where the loudspeaker is
most unstable. An environmental linear temperatinange was also observed. This
was only slight (~0.07Hz/°C), but significant incacately applying aENC profile to

a Q profile. To counter this there are two potdrg@utions 1) use a loud speaker
capable of controlled lower frequencies or 2) impdat a shorter port on the VCR to
raise the empty resonant frequency. In future wbik likely a shorter port will be
used.

Resonant peak amplitude was shown to fluctuataabws chamber fill levels using
water. Non-linearities were evident, even whenaa filequency response curve was
presented to the resonant system. This limits tadigtable behaviour to fill levels of
less thart/s full-scale fill. Q factor slope variation startéml become significant afs
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full-scale fill. Therefore, th&€QPS method will be restricted by these considerations
unless a repeatable and predictable Q factor deni&inction can be derived through
experimental means.

4.5.5 Continuous Q profile shifting technique

The frequency region below 100Hz was found to bstabie with non-repeatable
environmental normalisation curveBNC). This necessitated the use of the 51mm
port when conducting the majority of the experinaénwvork using continuous Q
profile shifting QPS. The 51mm port with 3L chamber resulted in a neso
frequency of approximately 135Hz. This combinatiwas able to give repeatable
results for all the sample types tested.

In early experiments, difficulties using the 170nport and 3L chamber were
encountered due to a small glue fracture betweemdnt and flange holding the port
to the chamber. This small crack caused the res@maplitude to vary by as much as
10%, causing large errors in the data. From thibregion of the microphones it was
known the peak pressure inside the chamber ingead8efold during resonance,
which explains why such a small fracture was ablaftect the resonant amplitude so
significantly. This also reinforces the importangt avoiding any air leaks in a
resonant system. Effects of small leaks in the pantbe compared to the significant
changes to resonant behaviour observed by PeaB)20this work on perforated
ports.

Real time computing limitations represent a resticin conducting measurements
over a large range of sample volumes. The numbgaébles to be shifted and the
guantity of data acquisition processing becomey hagge for samples over 10% full-
scale fill. Ideally testing would be conducted oraage of samples, approachitig
full-scale fill. This is the volume where the Q i@ starts to deviate significantly to
the empty chamber Q profile. The stability and tegty of Q profile is another
restriction inQPS The frequency region either side of the resopaak, making up
the Q profile curve, contains a limited range wheeeprofile is stable and repeatable.
The higher the Q factor, the less the availablgedior Q factor shifting. Therefore,
there is a trade off between narrow measuremegerasith high accuracy or reduced
accuracy with broad measurement range.

Previous measurements using QS method with controlled drop and dual port
were only able to measure samples capable of gatsiough the port. This thereby
restricted the maximum sample volume to approxiipa2éo of full-scale fill. At
these small volume sizes the Q profile is onlytskifa small amount. Therefore, the
environmental factors do not adversely affect tteasarement and only temperature
effects need be incorporated. Increasing theditdr to 10% necessitated the use of
the more advanced software systems described inmé#ods relating to this
procedure.

For the smaller samples, under 220ml in a 3L chanthe sample geometry did not
adversely affect the accuracy of volume measuremirns indicates the sample’s
inability to reradiate sound compared to that c¢ thamber. This observation is
reinforced when compared to similar observationglenwith acoustic barriers in
Chapter 3, Section 3.4.6. As the sample volumadseased to over 8% of full-scale
fill the sample’s surface geometry starts to dlber resonant behaviour, changing the
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resonant strength. Between 8-10% specific secoder @morrection curves are needed
for the given geometry of the sample type.

The accuracy for the continuo@Smethod was found to be similar to the resonant
hunting method, 8.2% full-scale fill. This equates to a measuremacturacy of
+6ml with a repeatability of 2ml using a 3L chamber and 51mm long port. Using
temperature compensation, the system was stabletliweéemperature ranges 8°C to
24°C. When the chamber size was reduced to 1L antie€2 accuracy was likewise
scaled, and remained at approximately2#o of full-scale fill. The time to make a
measurement is theoretically 1 second, but thisoispossible when an operator is
required to insert/remove a sample. The thermaatran and the change to tENC
caused by the moving presence of the operator makésee second time delay
necessary while equilibrium conditions are restored

4.5.6 Inverted port resonators

Helmholtz resonance was successfully induced usiagnverted port resonator with
an appropriately chosen port insert. The invertedt pesonator was capable of
sufficiently high Q factors to make volume measugata, approximately ¥ of
full-scale fill. However, the Q factor is not higihough to make measurements at
comparable accuracies to the standard port resonssal in earlier procedures. But,
this new and novel approach may have applicatiomspiocesses requiring
interference free resonator configurations witheastble interiors. Additionally, the
resonant frequency can be easy changed by thecapph of a differing port length
piece. It may also be feasible to have the portepat various depths in the chamber
ranging from fully removed to flush insertion. Thekould yield a variable frequency
resonator based on the insertion depth, thougtctQrfes likely to be compromised.

4.5.7 Variable chamber resonator (VCR)

The variable chamber resonat™R was able to show that a solid body resonator,
having very high acoustic impedance, was not ableroéduce significantly higher Q
factors to those of the original Perspex™ body magars. This suggests very little
sound is propagated away through the resonator bmdgither type of resonator
configuration. Therefore, the energy losses aretlstthose caused by boundary layer
acoustic resistance and radiation resistance framport. A third source of acoustic
resistance can occur from energy absorbed in aupasample as with the granular
materials experiments.

It was unclear why larger divergences were apparetite curve fit calibrations seen
in the dynamidQPSused for the/CRto those observed in the continud@BSdata.
Some differences could be associated with the digpa resonator geometries. The
Perspex™ resonator has an internal diameter of mOwhereas th&/CR has an
internal diameter of 156mm. There was also a diffee in port length, 175mm for
the VCR and 51mm for the Perspex™ resonator. Results stiggesonators with a
higher average frequency are less susceptible toplsa geometry. However,
transmission theory suggests that a lower averaggquéncy should give less
divergence, Blackstock (2000).

In both the dynamic and continuo@PStechniques the Helmholtz equation used to

derive the frequency is for a chamber having noedamce change associated with
the inclusion of a sample. Therefore, it is expédkat diffraction from sample edges
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and impedance changes, due to the sample crossns¢crea, should cause roughly
the same divergence in each method. The continQiRStechnique had the most
divergence for the spheres, whereas for the dyndMG& technique it was the

movable piston. The piston behaviour should be tidahto changes in volume

caused by water filling.

Good agreement between real and predicted Q pafdenonstrated the ability of the
dynamicQPStechnique to accurately create Q profiles for $sample sizes (<5%
full-scale fill). As the sample size approached 18Rtull-scale fill, significant profile
deviations started to occur and there was a neeatkefoation volume curve fitting for
the given sample type. For all samples an increaske Q profile asymmetry was
observed with increasing sample size that made laegjuency shifting increasingly
less accurate. At these larger fills other factsueh as changing higher order
harmonics and sample interference patterns stdse¢come more dominant, skewing
the resonators properties away from the idealisedused to generate the Helmholtz
equation.

Anechoic testing of theVCR revealed conclusively instabilities in loudspeaker
performance for frequency ranges below 100Hz (SppeAdix D, Section 3). This
will necessitate the use of a shorter port for feituse. A shorter port will raise the
frequency range into the stable region between $20H.50Hz. At the time oVCR
design the sub 100Hz instability was not known & dignificant, as it would be
negated iIrENC compensation. Only through extensive testing endbntinuouQPS
procedures was the sub 100Hz region found too bleri@m compensate for. This led
to the shorter 51mm port being used for much otth@inuouPS

4.5.8 Applications — Produce and mineral testing

Close grouping of results for all sample typesestuggest the variable chamber
resonator YVCR using dynamic Q profile shiftingQP9 is a viable measurement
technique, capable of sufficient accuracy to be a&blsort a range of sample types to
within 1% of their true volume_(32% chamber volume). Measurement times are
typically between 2-3 seconds and require tempexastability and measurement
accuracy of 0.1°C. Temperature compensation isrpacated in the software
algorithms, but sudden fluctuations can cause fsigmit measurement errors.

Differences in sample hardness, geometries and hotwgies have a considerable
effect on the resonator’s behaviour. This was $eeafeviation volume trends for the
various produce and mineral sample types. The aegubuping and trends between
like samples indicates théCR using dynamicQPS has potential in applications
where rapid, medium accuracy volume determinasoreguired. The lack of existing
research in this area makes comparisons and amalyscult and as such highlights
the need for a more in-depth investigation on th@uatic properties of produce and
minerals samples within a Helmholtz resonator.

The only other known rigorous studies on the e$fextsolids in a resonant chamber
are those by Leungt al. (1982) and Barmatet al. (1983). Both performed tests using
solid spheres of different sample materials (ptas@luminium and steel) in a %2 wave
resonant cavity. They noticed no appreciable difiees in acoustic behaviour for the
different sphere materials. This was to be expeesdhe acoustic impedance of most
solids is at least fifty thousand times that of &imerefore, impedance coupling would
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be expected to be very poor with most of the atoestergy reflected off the solid by
scattering.

The volume deviation in the Q profile with increagisample size makes tigPS
applicable to small sample to chamber volume ratwere the sample does not
unduly alter the chamber dynamics. This in turniténthe achievable accuracy, but
may be acceptable where speed of measurementuge@qShould more accurate
measurements be required tW€R’s volume can be readily changed to suit the
sample volume and the resonant hunting method uBlee. traditional frequency
scanning method’s accuracy is greatest for larggokato chamber volume ratios. In
contrast, th&PSaccuracy is inversely proportional to the samyde,g2he smaller the
ratio of sample to chamber, the more accurate #esorement.

Measurement times are typically 30 to 40 seconagyussonant hunting. This can be
significantly improved upon if the sample volumeabkeady roughly known. For
example if kiwifruit were to be sorted they could Wweighed first and their volumes
calculated based on a kiwifruit's typical averagmslty. The resonator could then
perform a narrow sweep based on a known volumeeramg temperature. This
method could reduce the scanning time to betweeantl015 seconds, dependent on
the density range of the sample type.

Both QPSand frequency scanning techniques are sufficiesghsitive to distinguish

hidden void spaces larger than approximately 2%hefsample volume, as might be
present in citrus fruits, apples and some mineaah@es. It is also able to detect
punctured samples, as may occur with capsicumsppleés. A puncture was found to
give highly aberrant volume measurements due tasimoresistance between the
internal cavity and the exterior. The cause wassistent with calculations for the

boundary layer dimensions given the resonator gargiion.
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Chapter 5

Conclusions and recommendations
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5.1 Conclusions

The aims of this investigation were met by the sastul measurement of volume for
specific liquid, solid and particulate matter thigh accuracy. It was established that
the accuracy was a function of the resonator chamobkime, for tested volumes
between 1L and 3.5L. Two distinct and new methodsewdeveloped for this
investigation: 1) the resonant hunting techniquel &) the Q profile shifting
technique.

Traditional frequency scanning methods were fountbé slow. To improve this, a
resonant hunting technique was developed enabliegwction in measurement times
to approximately 40 seconds with an accuracy @fl% of the chamber volume. It
was found that acoustic absorption in the chambed material reduced the
achievable accuracy when measuring the volumertitpkates.

A novel approach using Q profile shiftingQPS was tested and found to be
successful in volume measurements on liquids ahdssd@he accuracy fopPSwas
similar to the resonant hunting method. TpleSmethod was further improved using
environmental sound level compensation techniquesl demperature drift
compensation. Th@PSmethod was able to reduce measurement times &gter fof
ten - approximately 3 seconds - at the expensedifaing the maximum sample-to-
chamber fill ratio of less than 15%.

5.1.1 Characterising the fabricated resonators

A resonant hunting algorithm was developed to all@sonant frequencies to be
determined more rapidly than traditional frequesaeep methods. A short burst of
pink noise (random frequencies at equal power)p@ied that allows approximate
identification of the resonant frequency. This viadowed by two short frequency
sweeps (chirps) over a narrow range to locate #s®rant frequency to within
+0.005Hz. This process reduced measurement tim@tma 40 seconds.

Environmental acoustics significantly alter theident sound pressure level at the
port of an uncoupled Helmholtz resonator. Therefdres recommended to use a
dedicated anechoic chamber to house future systérats do not incorporate
environmental normalisation curves.

Flange factors for determining the port length egten were found experimentally to
be 1.375 for both the asymmetric 170mm port andrBJport with a radius of 22mm

mounted on a 3L chamber. In these instances, fandtanged port, the flange factor
was frequency and port length independent. Thezefie un-flanged factor was a
function of port radius only. When flanging matéxas added to the exterior port (to
a maximum ratio of approximately 8:1) the flangetda was found to be a function of
the port length.

5.1.2 Repeatability of measurements using resonaor

Using a standard 3L resonant chamber repeatabilitpeasurement was better than
+1mL, provided chamber disassembling is not requitédcertainty increased to

+3mL when testing objects requiring chamber disabberfuture resonators need to
eliminate assembly/disassembly O-ring compressnmeainties.

137



Significant discrepancies were found in calculafethctor values when compared to
measured Q factors. It is believed this is dueatgd thermal and viscous losses
occurring at higher sinusoidal velocities at resmeathat are not accounted for in
standard theoretical Q factor calculations.

5.1.3 Temperature effects

Temperature measurement and compensation is edsdoti high accuracy
measurements. Temperature compensation was inresponsible for the high
repeatability of measurements despite temperatumeges of up to sixteen degrees
Celsius over the course of this investigation.

Using a standard theoretical relationship for thensl of sound based on temperature
results in a linear value of 0.587m/s/°C over temgerature range used in this
investigation. When this value was indirectly meaduby experiment using the

Helmholtz equation it was found to be 0.534m/s/PBe resulting extra temperature

correction being a variablg times c. The beta term is responsible for other
temperature sensitive variables in the Helmholtzagign. These include the length

extension and the small signal approximations #natnegated in lumped parameter
analysis.

5.1.4 Calibrating the asymmetric single port resontr

Appropriate calibration curve fitting was requiretien either solid samples or water-
filling displacement occurred within the resonanhamber. All chamber
displacements caused second order volume deviatiaalculations. With second
order compensation the Helmholtz resonance equati@mvides a method for
measuring to an accuracy of better th&nhl%o of full-scale fill volume of liquids,
solids and granular materials larger than 15mm diam placed within a suitably
designed chamber.

5.1.5 Effects of port symmetry

A symmetric configuration having two un-flanged fpends had significant scatter in
the results when calibration was attempted usingmet various fill levels. The un-
flanged symmetric resonator was not able to give@srate results. The limited
filling potential and high scatter make the symicetesonator inappropriate for high
accuracy volume measurement.

5.1.6 Effects of sample irregularities

Results from testing spherical and cubic samplea BL chamber showed a rapid,
almost exponential rise, in over prediction at @$hold sample size. This trend was
not seen in the 1L or 2L configurations. Despitss,tltorrective curve fitting was
applied to the deviation volume and an accuracy-@fl% of full-scale fill was
maintained.

Acoustic barriers were formed using a number of abdy flat disks within the
resonant chamber. When a disk’s area became ldrge20% of the chamber area its
surface area was found to significantly alter theonant frequency. Additionally,
changes were also observed in the resonant frequenen any of the disks were
within the top15% of the chamber surface. The heahwhich the area of a disk
affects the resonant frequency was found to benetifon of the disk area. Hence, the
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larger the area of the disk the lower the heighwlaith it starts to alter the resonant
frequency.

The effect on frequency caused by the disks was rposnounced than any of the
solids tested, effectively partitioning the chambg&nherefore, the bounded volume
inferred from disk height data represents the woase impedance effects a sample
could have.

5.1.7 Measurement of granular materials

For collections of particles, whose average partdibmeters are between 1mm and
15mm, accuracy can be maintained to within5% of full-scale fill. Particles having
sizes larger than 15mm diameter are capable ofjbeasured at accuracies similar
to individual solid samples (t1% of full scale fill)

When the measured average particle diameter drelesviilmm the boundary layer
effects result in dominant thermal and viscousdercThis limits sound penetration
into the bulk material; hence measurements stdset@me indicative of bulk volume
rather than particle volume.

Measurements of particles with diameters less thamm also show significant
resonant peak broadening. Energy absorption byethawall particles limits
measurements of fill ratios to less than 50%. Aacias of approximately 16 of
full-scale volume are achievable in the range whaeasurements can be made.
Appropriate curve fitting is required for all grdau materials. The coefficients
required are readily found through experiment usingggiven material.

5.1.8 Effects of air leaks on resonant frequency a@nQ factor

Air leaks in a Helmholtz resonator cause significamanges to the resonant
behaviour. It was found that even a small holeltedwa large reduction in Q factor
and caused resonant peak broadening. In instarfce@sulbiple air leaks distinct
relationships were observed in resonant frequendy( factor. Resonant frequency
increased linearly with increased number of holéenas Q factor reduced by a
logarithmic factor based on hole size and number.

A far more pronounced effect on frequency was olegkiwhen a single air leak
having a variable size was made the subject ofsimyation. The larger boundary
layer effect for an increase in air-leak size cduse Q factor to drop rapidly from a
no leak value of 60 to a minimum of 18 for a 6mrandeter hole. Air-leaks larger
than 6mm allowed the air-leak to act as a secongarty The pinch off in the hole,
caused by the boundary layer, was unable to rediulk airflow through the hole
over a certain diameter.

5.1.9 Effects of sample position on volume measuremts

Mapping of the chamber showed that an object platéae immediate vicinity of the
port greatly altered the resonant frequency. Thetuded obscuring any part of the
internal flange, which altered the planar pointrsetassumption in volume prediction
calculations.

Moving a sample through the chamber lengthwise aledethat the port's moving
mass of air penetrates deeply into the chambeze ttimes greater than the theoretical
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length extension suggests. However, this lengthresxon ‘tail’ does not significantly
alter volume prediction. Generally though, samplesuld be placed in the centre of
the chamber for volume measurements with a dualrpsonator and at the base for a
single port resonator.

5.1.10 Controlled decent and free falling sample usy a dual-port resonator
Comparable accuracy was achieved for a 3L dual pesbnator, when using
microphone signal attenuation information with @fpe shifting QPS. This new
method makes predictions of resonant frequencydbaseamplitude changes with
temperature compensation. A significant advantaga near instantaneous volume
measurement. Only one calibration curve is needeldadl subsequent measurements
are made from this. Temperature compensation atldaetemperature stability over
changes greater than 10°C. The maximum controlte@ dpeed was found to be
approximately 100mm/s in order to gather sufficidata points for analysis.

Free fall measurements were not possible as thaseangeneral lack of data in the
critical region required to interpret either changgfrequency or amplitude. Sufficient
differences in signal were seen in amplitude vemmato warrant future investigation

into new methods. Phase shifting information regmés another alternative that could
yield potentially useful results. However, phaseotetion information is not yet

adequate.

5.1.11 Environmental normalisation curve (ENC)

An acoustical equalisation procedure was develdpeallow removal of unwanted

environmental (diffraction/reflection) and loudskeacomponents that interfere with
Q profile analysis. This method was applied to expental work in Chapter 4. An

Environmental normalisation curveENC method was essential to allow
measurement of samples larger than 2% of full-schBmber fill using Q profile

Shifting. At over 2% the environmental affects wéoend to be increasingly non-
linear. TheENC profile could be post fitted to existing data sed in real time signal

generation to produce flat@#dB) frequency response curves.

5.1.12 Continuous Q profile shifting technique

A continuous volume measurement system was dewtlapang Q profile shifting
techniques developed earlier and environmental alisation methods coupled with
empirically derived flange factors and temperafators for the speed of sound. To
provide additional accuracy linear interpolationsw#sed on normalised Q profiles
having a large number of data points.

The new method allowed samples to be continuoudtied and removed from a
resonant chamber in which dynamic volume measuresmeould be made.
Measurement time was between 1-3 seconds depermtinthe stability of the
environment. Accuracy was similar to the traditiolnaquency scanning method and
remains constant for up or down scaling of the damvolume. Using temperature
information, the system was able to measure voluwigsout drift over a range of
temperatures from 8-24°C.

Q profiles were found to remain sufficiently regufer fill levels up to%/s full-scale

fill. The maximum volume fill level was generallgstricted to'/1o full-scale fill. Q
profiles were also found to remain stable overrdrgge of temperatures measured (8-
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24°C). Granular materials cannot be used QRS Because of their porous natures
the samples have an associated acoustic resistansig attenuation of the resonant
peak. This attenuation is indistinguishable fromattbaused by the inclusion of a
sample.

5.1.13 Inverted port resonators

A new design of resonator was investigated incafnog an inverted port. Resonant
frequency prediction using traditional theory yesldvalues within 3% of those
measured. Q factors were highly compromised byifsignt boundary layer effects
causing acoustic resistance. Despite this the tieggrort resonator could be used for
medium accuracy volume measurements requiring ats s:nd easy access of the
chamber.

5.1.14 Variable chamber resonator (VCR)

Initial testing with the/CRwas able to confirm that further stiffening of tlesonator
body was not able to raise the Q factor of theesyshabove 60. Q factors for a range
of chamber volumes were similar to those observsithguthe Perspex™ body
resonator in earlier experiments. Therefore, endapses to the system were
primarily boundary layer acoustic resistance awliatéon resistance.

A number of further improvements in the Q profitefsng algorithms were made to

better predict the Q profiles when a volume disphaent occurred in the resonant
chamber. These included rebuilding the Q profitreaimically as the frequency shift

was taking place. The success of this procedurevesdied when samples up to 5%
of full-scale fill were observed to have standaedidtions of less than 0.4dB between
predicted Q profiles and real, as measured, Q IpsofWhen the displacement was
increased to 10% the standard deviation increasagdgdroximately 0.8dB.

Accuracy for theVCR was compromised to0t2% (+/mL) of full-scale fill due to
instabilities in the sub 100Hz range over whichW@&R operated. In future work the
port will need to be decreased in length to rdigeresonant frequency into the stable
region above 120Hz. Loudspeaker instabilities wereealed to be the cause in
anechoic testing of tiéCRand loudspeaker.

5.1.15 Applications — Produce and mineral testing

The variable chamber resonatQR demonstrated its practical usefulness in being
able to accurately size both produce and minenadisséo within 2mL when using
dynamic Q profile shifting and a resonator chamBelume of 3.5L. Similar
accuracies were observed using standard frequeoaynsg techniques. Both
techniques are sufficiently accurate to detect évddoid spaces larger that 2% of the
sample volume and the presence of a puncture iangle containing an internal
cavity (e.g. a holed capsicum).

The resonant hunting method could be employed foeral and produce sorting by
using theVCRwith an appropriately chosen chamber volume topdamwolume ratio
and applying a narrow sweep. However, measurernmatwould still be between 10-
15 seconds. The reduction in sweep time from 48éa@nds to 10-15 seconds can be
gained by knowing the sample weight and averagesigerbefore a volume
measurement is performed. This information wouldvala localised sweep to be
performed.
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Volume measurement accuracy can be increasetin. +vhen using a suitably sized
chamber volume (2L) and the resonant hunting metasdvas found for greywacke
and schist samples. This represents an accuragy0.06% for samples having a

narrow size range (<5% chamber volume). This witkeéase to 8.1% for larger size
ranges (>5% chamber volume).
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5.2 Recommendations

A number of areas for further investigation haverbalentified as being important in
the volume measurement of liquids, solids and @adte matter. There is little
existing literature referring to these problems.efdfore, these will need to be
addressed in order to improve the Helmholtz volues®nant measurement system.

5.2.1 Energy in resonance, improving the Q factor

Further investigation into optimal vibration energfprage in a resonator using non-
lumped parameter techniques would increase thenfteccuracy. If the Q factors

could be enhanced the potential accuracy wouldwitke be extended, as the
resolvability of resonant frequencies would be éased. The accuracy in determining
the resonant frequency determines the uncertairapy given volume measurement.

5.2.2 Thermal heating and temperature inside the monator

Further temperature investigation needs to be adeduto ascertain the acoustic
heating that may be taking place within the chamd®dt port due to the viscous
energy dissipation. To enable this a number of kim& mass thermistors or
thermocouples need to be implemented in the pod dmamber. This further
investigation could provide additional informatioon temperature gradient
discrepancies calculated in this study. Addition&lbmidity should be measured to
ascertain its effects on frequency at resonance.

5.2.3 Broadband noise from particle reemission ofosind

A more complete understanding of maximum fill ratimr different particle sizes
could be gained if the bed depth of granular matten the chamber could be
increased. The sound reemission from the partiete llmits the maximum fill ratio
for the chamber. At a fill level determined by tineerage bed particle size the level of
reemitted sound becomes larger than the drivingqg@ource. It may be possible to
make volume measurements based on either energypéiba or increases in
broadband noise.

5.2.4 Effects of particle shape when testing granall materials

Achievable measurement accuracies for differentigdartypes could be increased
through better data interpretation, as there igljiko be relationships between
granular sample shape, particle size and chamber Also investigation of powder
dilation needs to be undertaken for aerated systems

5.2.5 Phase shifting method of measuring sample vohe

A larger phase shift would give better resolution measurement. This could be
gained by using a wider port with a smaller chambwman was used in this
investigation. Also improvements in phase analgsisld be made using more cycles
and improved algorithms.

5.2.6 Alternate methods for volume measurements afoving samples

Two methods for measuring volume remain untestedl,nay be viable. The first
using the transition time for the sample to tragdlse port and second, the change in
microphone signal level observed as the objectgsatsough the port. Both these
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methods rely on the sample being roughly spherida¢se two methods may also be
suitable for free falling samples.

By performing a numerical integration on the midrope signal perturbation there
may be sufficient data for a volume measurementwéder, refinements in data
acquisition would need to be conducted to estalssplausibility. Alternatively a far
higher driving frequency may give more cycles i tbentral region within the
chamber. This would have to be considered carefaslyhigher frequencies cause
more significant pressure differentials within tteamber and port.

5.2.7 Measurement of surface hardness and structure

Measurement of produce and minerals samples raleditinct differences in
behaviour based on surface texture, morphologyhandness. The role each plays in
changing the acoustic impedance within the chamiileneed further investigation.

5.2.8 Energy impulse response

An acoustic impulse method may provide an alteveato the sustained excitation
methods used in this investigation. Informationtle@ acoustic impedance within the
chamber and hence the volume of the object magweated by applying a burst of
energy at a given frequency and measuring the droage.
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Appendix A
Mathematics of acoustics

1. The wave equation

The material that follows has been assembled aedriated into a consistent form the
following authors: Kinsler and Frey (1962), Blaakst (2000), Boyce and DiPrima
(1997) and Fung (1994). It covers the relevant sticsl fundamentals, boundary
value solutions and elements of continuum mechanics

The continuity, conservation of momentum and tleati®©pic equation of state are the
three equations fundamental for deriving the waggaadon. A complete solution

would also contain the conservation of energy eqoatbut is unnecessary here
because the body forces such as from gravity hewesa no effect at the scale under
investigation. Two other forces left out due toithemall effects are those from

viscosity (See Appendix A, Section 11) and thossés caused by flow. Blackstock
(2000) states that these forces are many ordemmagmnitude smaller than those
considered.

For a bounded region the density change of thdaesysnust be equal to the mass
flow in or out of the region, Equation (1.1), contity condition.

9p o) _ (1.1)
ot 0X

wherep is the densityy is the particle velocity is the particle position artdhe time.
This may be expanded out to Equation (1.2) or &) (& Eulerian form. The Eulerian
or total material form can be derived by notingttha/Dt = op/ot+udp/ox or the total
density change with time is equal to the relatiemgity change with time plus the
particle velocity multiplied by the change in depsvith position.

6_,0 ou a_'o:O

+p0—+ 1.2
ot pax n o0x (1.2)
Do ou
——+p—=0 1.3
Dt pax (1-3)

Similarly for momentum, the rate of increase in neoom of a closed bounded
region must equal the total inflow of momentum pllas total forces acting on that
region or in its mathematical form, Equation (1.4).

A , a(a?) , p _

14

ot 0x ox (14)
Expanding out the partial derivatives gives Equafib.5).

ua_p+p@+um+w%+@zo (15)

ot ot 1) ox Ox
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By observing that the first and third term are actfthe continuity equation a
reduction can be made resulting in Equation (1r6)nats Eulerian form Equation
a.7).

ou Ou| O0p

=+ = 1.6
'O[at uax} ox (1.6)
Du odp

—+—==0 1.7
'ODt 0X (L7

Using the differential relationship between theespef sound, pressure and density
c’=dp/dp for an isotropic system Equation (1.8) can bewveeri The speed of sound

becomes proportional to the ratio of molar spediatsy), the universal gas constant

(Re), the temperature in KelviT{mgand the molecular mass of the a&f)(

T
CO = y& = M (18)
\" 2, M

A difficulty arises in trying to resolve the contity, momentum and isentropic
equations, as they are non-linear. A linearisati®npossible between the three
equations by observing that some terms in thesatiems are orders of magnitude
smaller than others; these are often called snmgtlak approximations (Blackstock,
2000) and are given in Equations (1.9).

|do| << p,  Implies|p << p,c,” Implies|u| <<c, (1.9)

With the reduction in complexity brought about bgnadl signal assumptions
Equations (1.10) to (1.12) result, whépe=p-po andop=p-po.

000 ou
—Z+p,—=0 1.10
5 TPy (1.10)

ou . ap
—+—=0 1.11
Po ot  ox ( )
P=c, (1.12)

Differentiating the isentropic state Equation (3.02h respect to time gives Equation
(1.13). Then substituting Equation (1.13) into #entinuity Equation (1.10) and
multiplying by co? gives Equation (1.14). This can then be diffemetl with respect

to time to give Equation (1.15). Differentiatingettmnomentum Equation (1.11) with
respect to position to give Equation (1.16) and lmming with Equation (1.15) results
in the classical wave Equation defined by presdtmeation 1.17.

op = COZ@ (1.13)
ot ot
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9%p

re2p Mg 1.14
P Co ,00 (1.14)
9° d) d°u
=0 1.15
o2 +¢,° 0, FVEn (1.15)
%u 9%
+IP_g 1.16
Pogtox ' ox? (1.16)
Ih_2 0P (1.17)
o '

A similar method for deriving the wave equationténms of particle velocity can be
used by differentiating Equation (1.13) with redpé&x position, the momentum
Equation (1.11) with respect to time and combirtmgive Equation (1.18).

L2 5=0 (1.18)

2. Solutions to the wave equation for Helmholtz remator

The wave equation is expanded upon to make up gsbidladory conditions existing
within the resonator. The second term in Equati@ril) is zero because the
resonator’'s dimensions are small compared to theeagth, lumped parameters.
Therefore, the velocity does not vary with positiaithin the confines of the
chamber. Three extra terms are needed to comgietedquation. The mechanical
spring force generated by the air trapped in thendder; the acoustical resistance
generated by sound radiated away from the systewh;tlee driving force causing
oscillation. Hence, the losses from the system rbastqual to the driving force plus
the force of oscillation.

The forced mechanical oscillator can be rewrittemathematical form, Equation 2.1,
in which the oscillation is described in terms ofpion. The first term is Newton’s
second law of=ma, wherea=d*x/df. The termR,dx/dt represents acoustical energy
lost to the system through mechanical and radiagsistance. The third teraxis the
restorative spring force arid”' is the complex driving force. In this form the fiius

is a vector quantity but the solution will be saver the one-dimensional case only.
The partial derivative for position becomes a ragudlerivative, as the velocity is not
changing with position.

md—;(z+Rn%+sx—f (2.1)
dt® dt '

The massnis the mass of air in the port, which is equaldgs,, the air density times
the corrected port length times tliSA of the port.R, the mechanical resistance
generated by acoustic radiation resistance andefmetl by (pockzs, )/27r (See
Appendix A, Section 6). The stiffness or restorfogce s and is equal topc? S IV
(See Appendix A, Section 10).
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Equation (2.1) is a linear, non-homogeneous, secoder differential equation with
an undetermined coefficient. The general solut®mwell known to be of the type
x=Ae”', whereA is complex (Boyce and DiPrima, 1997). Performihg hecessary
differentiations and substituting gives Equatior2)2in whichA is directly resolvable
as Equation (2.3). Therefoxas expected to be of the form Equation (2.4).

(-Aw'm+iAaR + Age“ = fe* (2.2)

~ f
A'(inn+(s—afm)>

(2.3)

—ife'

TR, +i(am-siw)

(2.4)

The term in the denominator is the mechanical impedZ;,, Equation (2.5), and
contains the real mechanical resistarfgg) @nd the imaginary mechanical reactance
(Xm). The mechanical reactance is equain-siv. As a consequence the natural
relationship between reactance and resistance eanriken as Equation (2.6), the
phase angle betweenX,, andRn,

Zn =R+ X)) (2.5)

Zm=Zn €°
X

@= ArcTar[—mj (2.6)
Ry

Therefore, the position can be written in termshd forcing function, the angular
frequency and the mechanical impedance, Equation).(Zhe first derivative of
Equation 2.7 with respect to time will give the a@ty, Equation (2.8). Equations
(2.7a) and (2.8a) are given for the real components

—ife'“?

= 2.7
ra (2.7)
= fSin(at — ¢) (2.72)
a'zm
fe-?
U = 2.8
=77 (2.8)
US:W (2.8a)

m
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From these relations it can be seen that the mavpostion will bef/wZ, and the
maximum velocityf/Z,.

For a resonant system the frequency of oscillasatetermined at the point where the
reactance vanisheX;=0 or whenom-s=0. Using the definitions fom ands from
Equation (2.1), Equation (2.9) can be formed antpsfied into Equation (2.10), the
classical Helmholtz equation.

2 2
C* oS,

wo,S, |, = (2.9)

[s
w=2rfreq=c ﬁ (2.10)
p

3. Mechanical Power and Q factor for a resonator

The instantaneous powehs) for a resonator is the product of the real congpis
of the driving forcing {Coswt)) and the velocity fCost-¢)/Zy) resulting in
Equation (3.1).

2

W . = ;—Coqax)Cos(ax ) (3.1)

inst —
m

The average power will be the power delivered awex complete cyclel]. This is
therefore the integral oWMns over T, resulting in Equation (3.2). Noting that
Z/R=Cosp from the trigonometric implication Equation (2.@)) alternative form is
also shown.

.
[ Wogdt f2 f2R,

W, =0 = Cosp=
g T 27 0% 27 *

m m

(3.2)

The Q factor for a resonant system is then deflmethe narrowness of the resonant
peak. The narrowness is a direct function of thehaeical resistance, the smaller the
mechanical resistance the sharper the peak. Sesigrdng a Helmholtz resonator
with a high Q factor the resistance due to visclmsses in the port and acoustic
radiation need to be kept as small as possible ABpendix A, Section 7 an 9).

Mathematically the Q factor is the region boundgdhe half power points either side
of the resonant frequency. If the resonant frequeilscew and the half power
frequenciesw. and wy for low and high respectively, then the Q factan cbe
represented by Equation (3.3).

(a)H - C‘)L)

At the half power point, Equation (2.5), the medbahreactance must be equal to the
mechanical resistance. TherefoXg,= +/-Rn,, and X, beingom-sk», Equations (3.4a)
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and (3.4b) must be true. Combining Equations (3ata) (3.4b) and eliminating,
gives Equation (3.5).

R, = a)Hm—i (3.4a)
R, =@ m-—2 (3.4b)
am
= 3.5
Q=i (35)

From Section 6, the mechanical radiation resistan@gual to(pocl<23p2)/27r and the
mass of air in the pornpol,S,. Therefore, the Q factor for a Helmholtz resonatr be
defined by Equation (3.6). Alternativeky, can be replaced by the classical Helmholtz
Equation (2.10).

Q= P =2m |2 (3.6)
B, s,

4. Mechanical piston radiator

The sound emitted from the end of the port canikenéd to a piston radiator. This

behaviour is annexed to transmission of sound withe port (See Appendix A,

Section 11) to allow the derivation of radiationpeaance in Section 7.

A fundamental platform on which to derive the pussfunction for a radiating

piston needs to be established to allow an anatyslse piston radiator. The first step
is to consider sound pressure and velocity of aspdl radiating surface. A piston
moving in a planar surface behaves like a spheeicaiting surface so long &a<<1

or the wavelength is considerably greater tharrdldaus of the emitting source. This
assumption will be used extensively in the follogvicaelculations and is true for this
investigation.

If a sphere is oscillating with a fundamental vépamplitude ofU, then the specific
velocity, Us, of the sphere’s surface can be describddsab ;Cosgt). However, it is
more convenient to describe the specific veloaitycomplex form Us<=U£“Y) to
allow easy integration in later stages. For thepses of this investigation the piston
will never be in the situation where the pistonoedly is greater than the particle
velocity of the medium. The particle velocity cae Bescribe by Equation (4.1) in
which A is some complex constant adgis the specific impedance of the radiating
source of radiug. Equation (4.1) is a general time dependent/mositndependent
solution to the wave Equation (1.23)

U, = gika (4.1)
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The specific impedance is derived from the solutorthe spherical wave equation
and is given by Equation (4.2). The angleefers to the phase difference between the
pressure and the velocity. As the port is opemécatmosphere the phase difference is
equal tor/2. Knowing thatka<<1 the small angle approximation can then be applied
to the exponential term, Equation (4.2a). The smadlle approximation can also be
used in the denominator of Equation (4.2) wheresttpgare root can be effectively
removed, Equation (4.2b). Using approximations gu&iions (4.2a) and (4.2b),
Equation (4.3) can be formed from (4.2).

7= Pcka o (4.2)
1+k*a%)
o 72 _ Cos(g +ka) + iSin(g +ka) = (ka+i) (4.2a)
I(1+ k?a?) = (L+k2a?) (4.2b)
Z. :Lka(kaﬁ) (4.3)
1+k%a?)

As the particle velocity is equal to the specifielocity Us, Equation (4.4) can be
formed from Equation (4.1). Therefore, the comptenstantA must be equal to
UoZsa€*®. Substituting the specific impedance into Equati®) and solving foA
gives Equation (4.5). Again using the small angkpraximation ofka<<1 in the
exponential term, Equation (4.5a) leads to Equai46). After cancellingA can be
defined by the primary velocityJp) and the radius of the pistoa) Equation (4.7).

) A . )
U =—=¢e@ 4.4
o az. (4.4)
A= a’p,ckUy(ka+i) ja .5)
L+ K%a?) '
@ = Cogka) +iSin(ka) = (L +ika) (4.5a)
A= a’p,ckU, (ka+i)(1+ika) (4.6)
L+ K%a?) '
A=ia’p,ckU, (4.7)

The time dependant pressure and velocity for a rgmlewave is defined by
Equations (4.8) and (4.9). Using the value Aofrom previous calculation it is now
possible to completely defirpandu for spherical waves at a distarrce

151



2
A k) _la PockU, gl @k

p=—¢ (4.8)
r r
Us= A gl 2 ia"pyckUy gl(@kn (4.9)

- rZs rZs

The strengthQ of the source can be defined as the integral efdbt product of
specific velocity (s and the surface elements| or Q =| Us. ds The strength@)
will be the surface area multiplied by the specif@édocity if the specific velocity is
perpendicular to the radiating surface. For a sphkradiator this is4za’Uy, and
2ra’Uy for a ¥ sphere. Using the definition for sourgersgth of a %2 sphere radiator,
an equation for the intensity and power can benddfiusing fundamental Equations
(4.8) and (4.9), basic Equations. The result is dfgas (4.10) and (4.11)
respectively.

- &(kij (4.10)

8 \/ma

2
iyrg
With the definitions of a spherical and % sphericadliator complete it is now
possible to analyse the pressure at a distRiftem a surface element on the piston,
Figure 4.1. The differential Equation (4.12) candonstructed using the definition
for the pressure in Equation (4.8) and the sout@ngth to assess the infinitesimal
change in pressure caused by a surface elemehéegoiston radiator at distanBe

W p(r.6)
ds X
>
V4
Figure 4.1 Pressure at distance R from surface eleant caused by a piston radiator.
— _1pCkUy ia-kr 4=
dp= 1P gitw-kRy (4.12)

27R

The distanceR can be defined by Equation (4.13). A reductioncamplexity is
required due to the complexity in continuing teemrate Equation (4.12) with such an
exponential term. By using a farfield approximattbe difference betweanandR is
minimal and the phase difference caused by twocadjasurface elements is a
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function of the angle and not the distance. Théeldr describes the area where the
pressure and velocity from a source is effectiwlgn for a given radius and angular
region.

A power series expansion of Equation (4.13) is iy Equation (4.14). Only the
first two terms are required in the farfield as tinst confirms thaR is approximately
equal tor and the second gives the phase relationship betwaedace elements.
Equation (4.12) can now be rewritten as EquatiobS¢withr in the denominator for
the amplitude component and the first two termanfr&quation (4.14) in the
exponential term to describe the phase relationship

R=/(r? + g% - 2r aSinECosy) (4.13)

R=r —-oSinfCosy +.....etc (4.14)

dB - 10,CKU, gl @tk gksingCosy 4 (4.15)
2T

The surface elementsis implicitly defined agdedy, using this and integrating both
sides of Equation (4.15), Equation (4.16) is formdding a standard Bessel function
integral, Equation (4.17), the first integral fbw can be solved. The second integral is
now defined, in which it is possible to use the ®#sdentityxJ;(x) =[] xJo(X)dx In the
integral defined by Equation (4.18)=koSirg, thereforedx=kSir¥ds. Making the
necessary substitutions and substitutirfgr a%a gives the general solution, Equation
(4.19). The last term in the square bracket isd#eay rate from a source and will be
used to define the pressure and intensity disiohat

— _10,CKU, i(at—kn (2 27 ik oSingCosy
p =5 —e [[odof "€ dy (4.16)
28,0 = || eV dy (4.17)
2n]" a3, (koSing)do = 2m{%} (4.18)
|
2 kaSirg '

The component outside the square brackets of Equédi.19) is the pressure for a
hemispherical oscillator defined in Equation (4.8)e only difference being the
Bessel directivity component. Therefore, small gnistadiators on a planar surface
behave as a hemispherical source.

5. Directivity of a piston source

As stated previously, the term in the square bitac&e Equations (4.19) defines the

directivity of a piston source. At equal to zero, the axis pointing directly out from
the source, the pressure is largest. The line oélgogressure then decays away by the
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amount determined by the first order Bessel rabstip. Figure 5.1 shows the
pressure decay as a functionxoivherex is an angular interval. The points of zero
crossing are defined by a numerical solutiorkaSin9=3.83. Hence, ifka is small
and never approaches 3.83 the piston source apgearsemispherical radiator ki
is greater or equal to 3.83 then irregular lobgseap like those calculated for the 8-
inch speaker source in Appendix C, Section 4.
1.2

1
0.8

0.6

0.4

Pressure coefficient

0.2
0

-0.2
0 2 4 6 8 10 12

kaSin(0)

Figure 5.1 Pressure decay from axial direction exteling over x, wherex is defined askasin(@).

Even lobes are 180 degrees out phase with odd,lalsseaming the primary lobe is
odd. Also the side lobes are considerably smatiepressure amplitude than the
primary lobe. For a 2 pressure side lobe the iiters expected to be a quarter, as
the intensity is proportional to the pressure sgdiai he number of lobes will increase
and the sound from the piston will become increglgirmore directional as the

wavelength decreases and becomes comparable witadius of the piston. This fact
is most obvious in Hi-fi systems; the bass from Waofer tends to be omnipresent
whereas the high frequencies from the tweeterkighay directional.

The directivity can be analysed in respect to anghere the width of the beam is
defined as the %2 power points (-3dB) either siddhefmain axis of radiation. For this
to be true the directivity component must be edoall/N2, Equation (5.1). The

analytical solution to Equation (5.1) solving féns given by Equation (5.2). Note:
the angle is multiplied by two as the directivitynttion accounts for only the
clockwise region from the centre axis, i.e. oned&gr point, the angle between the
two %2 power points is therefore twice this.

i :[ZJl(kaSirﬁ)} (5.1)
2 kaSingd '
6 .45 = 2ArcSin(l.616/ ka) (5.2)

6. Pressure at the piston source

For a radiating piston it is important to know fast the pressure in the farfield and
velocity but also the pressure and velocity at pion source. This allows the

calculation of the radiation impedance occurringtt® mouth of the port. The

calculation for the pressure over the surface efgiston can be conducted in much
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the same way as for the piston at a distddcEhe difference is any small elemeist
experiences the force from a remote elem@sitand vice versa. This entails a
doubling of the integrations required. The first sé integrations is to solve the
pressure across the piston and the second setetoniiee the force generated.

Figure 6.1 shows the piston surface with two aabjtrsurface elementds and ds’
separated from the horizontal by an arijléhe radius ofls’ is given byb. To resolve
the pressure integral, Equation (4.8) must be sofee R in which R is now the
distance between surface elements, Equation (61¢. surface elemends at a
distanceR and at an angl& from the surface elemerds’ can be written as
ds=RdRd. The length oR can vary betwee - 2bCo% so this sets the limits of the
integral overdR The anglef between the horizontal ar$ can vary betweer 7/2
andz/2, this sets the limits for the second integral aler

Figure 6.1 Piston face occupied by two arbitrary sdace elements dS and dS’ and their
geometric relations

_1p,ekUy o 72 2bCos @ (KR
b= ¢ L0

-2 0

RdR (6.1)

The solution to the first integral is given by Etjaa (6.2) and this now gives rise to
the second integral in the form of Equation (6tBg solution to which can be found
by rewriting the integral in its Eulerian complegquévalent, Equation (6.4). Note: the
integral must be performed over the reg®n/2 and the final solution doubled to
allow integral evaluation. The solution can then fband using standard Bessel
integrals, the zero order Bessel function and tbe order Struve function. The
Struve function is the complex counterpart of thes®el function. The final form of
the pressure at the surface of the radiator isgnyeEquation (6.7).

1_e—ikbC099 _ 2bCosf i (—-kR)

: _j ngr (6.2)

p=PoNo gulq_2 I”’Zeﬂkb@ﬂ"de} (6.3)
2 L T

p=L% gt 12 " CogakbCos)do+i 2 | szin(ZkbCosH)dH}
2 | T JT70
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(6.4)

3, (2Kb) = 717 [ Cosi2kbCos)d6 (6.5)
. o1 iz .

Ky (2k0) =i~ [ Sin2kbCos)de (6.6)
D =%U°e"ﬂ[1— 3, (2kb) +iK, (2kb)] 6.7)

The force exerted by the piston is the integrgbrelssure generated by all the surface
elements. As mentioned previously, for any two atefelementdsandds’, ds exerts
a force onds’ and vice versa, hence the force requires a mieitipf two. The force
integral can now be written as Equation (6.8). Tddiusb is allowed to extend from
0 — aand the angles from O - 2z. Evaluating left hand integral first gives Equatio
(6.9) with the addition of &z term. Use of the Bessel identityi(x) =] xJo(X)dx
allows the resolution of the Bessel and Struvegnats. The force, Equation (6.10),
can now be shown to be derived from the specifiooity (Us=U€"") and a complex
radiation impedance term, Equation (6.11). The (B9l and imaginary X;) part of
the radiation impedanceZ] is given in Equations (6.12) and (6.13) respetyiv
Equations (6.12a) and (6.13a) are given for snailas ofka.

f = p,cUe“ joz”dz// j:b[1— J,(2kb) +iK , (2kb)Jdb (6.8)
f =2m,cuU 4 j:[b — bJ, (2kb) + ibK , (2kb)]db (6.9)
_ i 2J,(2ka) | 12K, (2ka)
f =a’mp,cU e 1- ==L +—1 6.10
& TP Ho® [ 2ka 2ka } (6.10)
f, 2J,(2ka) 2K, (2ka)
Z =—=a cl- + 6.11
" U, o [ 2ka 2ka (61D
2J, (2ka)
=a’mp,c1-—"—~ 6.12
R =a’mp, { e } (6.12)
R =a’m, P ocls,k) (6.12a)
°” 8 21 '
i2K, (2ka)
X =a’m,c| —+—= 6.13
L) 619
_8_3
X, —ga P.ck (6.13a)
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7. Radiation impedance

The radiation impedance has been defined by Equé#id 1) and as stated contains a
real and imaginary component. Figure 7.1 shows rtative magnitude of the
resistive and reactive components with increasiages ofka. For ka<l the reactive
component dominates but as the piston becomesdicagt part of the wavelength
the resistive component is larger. The resistiwe r@active components are equal for
ka~2.8. The first four terms of the power series esuam of the Bessel and Struve
functions are also given, demonstrating their wlidor ka<2.5 For ka<1 the
resistive and reactive components can be approgiratR ~x*/8 andX,~4x/3r.

O

=

C pa——y

Q o —_—

L —

=

[}

o

o

8 — Resistance

% ~ ~ Reactance

3 ——-~Struve approx

g —Bessel approx
0 2 4 6 8 10 12 14 16

ka
Figure 7.1 The Resistive and reactive coefficienter increasing ka and the first four term

approximations for the Bessel and Struve functions.

The force in Equation (6.8) to (6.10) will be negatwhen considered in the
complete definition of the wave equation as thaatawh impedance is a restrictive
force and acts to oppose the driving force. Addid0) to Equation (2.1) it is now
possible to account for the radiation resistancéhen form of Equation (7.1). The
solution to Equation (7.1) is the same as thatHerwave Equation (2.1) and is given
by Equation (7.2). The mechanical impedari€g has already been shown to be the
denominator in Equation (7.2), from Section 2. Sifying Equation (7.2) and
solving forUq gives Equation (7.3).

- -
MO+ R, B4 =T ~Z U = (T ~ZU,) 7.1)
dt dt
jat (£ _ >
= (f-2U,) (7.2)
(R, +i(am-s/w))
f
U, (7.3)

T ZntZc

Equation (7.3) is identical in form to the mechahiémpedance definition of
Z.=f/Up. The total impedance now consists of that caugaddxhanical losses in the
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port and sound emitted in the form of radiation y#ram the port. The radiation
impedance has the same units as the mechanicatlampe (N.m/s) and hence can be
added to that of the established mechanical impsdahhe effect of the radiation
reactance is to add a virtual mass to the masg afraady moving in the port. The
additional mass of air is given by a frequency delpat relationship, Equation (7.4),
where the angular frequency can be changed favatee number equivalenwEkc).
Becauseka is small in this investigation the first term ihet Struve function
expansion can be used for the radiation react&ked3r.

X 2 8ka 1 _8_;
=—t=a7mpL—.—==-a 7.4
m = =aPC 1 38 (7.4)

This mass of air must be equal to the mass of @itatned in a cylinder of cross
sectional area equal to the port cross sectiora pgdlza’). Hence, the equivalence
Equation (7.5) can be generated that can then bheddor the change in length
componentdl. The resulting Equation (7.6) is the extra effeetiength generated by
the radiation reactance that must be added to hiysigal length of the port. It is
important to note that this is for a flanged pastal calculations have assumed a
radiating piston in a planar surface.

PAI TR = §a3,00 (7.5)
n =8 (7.6)
3

The power transmitted from the end of the portesired in the usual way for an
oscillating radiator as2RUq?>. The small value ofka means the first term
approximation can be used from the radiation rasist Bessel function{8). The
result is Equation (7.7).

_ (2ka)?
8

1,, _ S,PCUck)’
a‘mpe=U,=—+22~-"2°
TPeC5 0 47T

(7.7)

8. Flanged and un-flanged ports

The pressure wave travelling up the port ‘seesféective impedance of zero where
the wave front is no longer bounded by the confioésthe port. In standard
transmission theory this usually indicates thatwiaee is reflected and retransmitted
back down the port. This is not the case; a smmatition of the sound is radiated
away. The radiation reactance and resistance anersin figure 7.1 and at small
values ofka it can be seen that the reactance term dominktasce, it is expected
that only a small proportion of the sound be traittech away by a real component of
resistance. It is this fact that also determinesetfiiciency of a piston of radiusto
transmit a given frequency of wavelengthAccordingly efficient reproduction of low
frequencies is impossible for a small piston.

Using the radiation impedance it is possible tocualte its equivalent acoustic

impedanceZ,. Acoustic impedance is also defined as the ramhatnpedance over
the surface area squareti£ Z; / spz). The radiation impedance is proportional to the
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surface areasg) the characteristic impedanggd andR. + X, from Equations (6.12)
and (6.13). Combining these gives Equation (8.mfwhich it is evident that a
small value ofka will cause the second term, the reactive compgoritendominate.
The effective mass of air can be calculated andethgth extension again shown to be
equal to8a/3r, in a similar way to Section 7.

- Z o.ck| ka ia (8a
Za=—=spCc(R+X )= —+ = | —= 8.1
s,” pPOR + %) a {877 Sp2(3ﬂj:| 8.1)

An analysis of the un-flanged port end is considigranore difficult than its flanged
counterpart and is yet to be solved satisfactofilyis is due to the way the plane
wave emerges from the port end. In the flangedigordtion the sound wave in the
port transitions from a plane wave to a spherica@vupon emerging from the port.
This change in wave type is accompanied by a comgl@nge in velocity profiles
around the sharp edged rim of the port and theeval@a/3r is an upper limit rather
than a precise value. This result is therefore dousing a step change in the wave
type rather than a continuum.

In the un-flanged port there are two sharp edgentbaties caused by internal and
external port edges. In addition there is no planaface (flange) for the spherical

wave to radiate off. Neither Rayleigh (1896) noad&Kstock (2000) have attempted to
analytically solve this complex boundary layer peob as velocity approaches

infinity at the inner and outer edges of the pBdth authors suggest an experimental
value of between 0.6 and 0.61.

9. Mechanical resistance caused by boundary layer

To establish the mechanical resistanBg) (caused by the air in the port, the air
moving against the surface of the port needs tevaduated. In acoustical calculations
the air is usually considered to be an invisciddfl{viscosity of zero). This is due to
the air's very low viscosity£1.78x10°Ns/nf at STP. At low viscosities the air
effectively slips over most surfaces with littleesin force occurring between the solid
boundary and the air. Therefore, very little fioctal losses occur.

A series of calculations is required to quantife thiscous shear forces causing
mechanical resistance to steady airflow. It is fmssto evaluate the turbulence
occurring in the port using the Reynolds numbRyg).( The Reynolds number is

described by Equation (9.1) and is a dimensionkedse that determines the ratio of
inertial to viscous forces. It is evident that floev value of viscosity for air in the

denominator will cause a large resultant Reynoldslver.

_ pU,2a
" ou

R (9.1)

A Reynolds number of 2788 is calculated using tyactl dimensions for this
investigation, a port radiusa) of 0.022m, velocity {,) the transverse pressure
velocity of 1.88m/s, at 100Hz and 90dB using Equa(2.8a), and an air densip) (
of 1.2kg/n?. Fung (1994) states that with the best availalojeipenent turbulence
cannot generally be prevented in systems havingya®&ds number of greater than
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40,000 and typically starts at about 10,000. Comsetly, the airflow in this work can
be considered laminar.

The region adjacent to where two mediums meet lisccdéhe boundary layer. It is
physically impossible to have two materials in @mttand have differing velocities;
this is called the no-slip condition. Solutionsctintinuity equation for a viscous fluid
(Blackstock, 2000) show that the boundary layergiw region typically manifests
itself as a parabolic velocity function linking thelk flow to zero flow at the solid
boundary (Figure 9.1).

A

Boundary
layer
thickness
Uo/e

Port surface

Figure 9.1 Velocity profile from internal port surface boundary. Arrows indicate velocity
direction and magnitude. The boundary grows lineary with length.

Two important boundary layer effects exist for atibatory plane wave in a tube,
one for viscosity and one for thermal losses. Unlik steady state boundary layer
thickness, which increases with distance, an @$oiy pressure wave has a constant
thickness defined ddy/e and is uniform along the surface length. The comtions

of viscous and thermal boundary layers form thal tobundary layer thickness.

The boundary layer thickness associated with vigcas defined by the kinematic
viscosity () v=ulp, and the angular frequencyw)( given by Equation (9.2)
(Blackstock, 2000). For a 100Hz frequency in a plet expected viscous boundary
layer is 0.217mm. This is consistent with findings Beranek (1996), in which he
suggests a lower limit of 4mm and an upper limi66mm for the radius of the port,
at 150Hz. The lower limit of the port radius is @@iined by the viscous properties
and the upper limit by the dimensions of the pogtdming comparable to the
wavelength, given by the equatidh®5Nfreq and10/freqrespectively.

= 2K |2
BL\/is _\/; \/: (92)

The thermal boundary layer occurs at a transitiomfadiabatic behaviour of sound
in air to that of isothermal near the port surfé@kckstock, 2000). The moving air,
close to the port surface, conducts heat away eptesents an additional loss of
acoustic energy in the port. The thermal mass ofpthg¢ aluminium, is far greater
than the air and as such remains at a stable tatoper The energy in the form of
sound, changing pressure, is very small and angagption of this absorbed by the
port will cause negligible heating.
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The thermal boundary layer can be described by ttqu#9.3) (Blackstock, 2000),
whereY is the thermal conductivity of air (0.026 W/m.K), the specific heat of air at
constant pressure (29.11 J/mol.K). By Using then@tanumber, relating viscosity
and conductivity, given by Equation (9.4), the thal boundary layer equation can be
simplified to a function of the viscous boundaryda Using the previous viscous
boundary layer value of 0.217mm this results ihexrnal boundary layer of 1.54mm,
considerably larger than the viscous boundary layer

2Y — BI-vis

BL,. = 9.3

L o, P (9.3)
i,

P et 9.4

=25 ©4

For this reason the boundary layer losses are iassdavith the frequency and not the
sound pressure level. So as the amplitude in thieiporeases it is expected that the
thermal and viscous losses should remain constéuet.exception to this is at very
high sound pressure levels (Ingard, 1953).

To ascertain the effects of temperature on the 8dgmumber a numerical analysis
can be undertaken by considering changes to thesaiosity with temperature. Fung
derives an air viscosity described by Equation )(9vthere vims is the root mean
squared molecular velocity give by Equation (9Uging the ideal gas law the density
p can be rewritten as Equation (9.7) and the meas athL. as Equation (9.8),
Equations (9.6) to (9.8) provided by Halliday al, 1997.R. is the universal gas
constant,Mp, the molar massP the nominal pressuren the mass of airn the
number of moledN the number of molecules aktthe volume of air.

The effect of temperature on density and the meas path tend to counteract each
other leaving only the molecular velocity dependgentherefore, the air viscosity is

proportional to the temperature squared and wilehaegligible effects over a narrow

temperature range as was used in this investigéai@4°C).

1
M= glovrmsl-mfp (95)
3R T
Vo= M (9.6)
M
__Pm 9.7)
r]R-I-emp
1

Lt = \/ET(N/V) (9.8)

Therefore the losses in the port caused by the sésaad thermal boundary layer are
significant and dominant over those caused by tadiain the form of sound.
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Changes in viscosity for the narrow temperaturgeanill have negligible effects on
these parameters.

To calculate the radiation losses it is necessargatculate the sound transmission
effects within the port. These include the incidemansmitted and the reflected
components. The equations describing these effactde divided into those in which
the dimension of the system are a significant progo of the wavelength and those
that are not. For this investigation the dimensiare considerably smaller than the
wavelengths usek#é<1). Further details on the power transmitted from plort can
be found in Section 7.

10. Mechanical stiffness caused by an orifice

The mechanical stiffness is the effect of the mortthe resonator’s ability to pass a
moving mass of air in and out of that port. Theesscpressure change associated with
the change in density caused by the moving maa# af the port can be represented
by Equation (10.1). If the densities are replacgdnass over volume and the mass
then cancelled, as there is conservation of massughout, Equation (10.2) is
derived. In the portlV=xs, the small change in particle position multiplied the
cross sectional area of the port will be equahtodhange in volume, Equation (10.3).
Multiplying the pressure by the cross sectionahagizes the associated force caused
by the stiffness, Equation (10.4). The terms ingidebrackets of Equation (10.4) are
the stiffness coefficients.

pP=poC’dplpo (10.1)
p=poc’dV/V (10.2)
P=(peC’Sy/V)x (10.3)
f=(poC’s,2IV)X (10.4)

11. Acoustic transmission effects

Transmission effects must be calculated for anyp@gated wave encountering a
change of system. This includes a medium change mnysical constraint change,
both which will be shown to equate to an impedacitange. Transmission effects
include incident, transmitted and reflected compdsmeand are usually complex in
nature. The distribution of energy between theseethpaths will be entirely

dependant on the impedance paths as seen by {hagatong wave.

The characteristic impedance for any medium isngefias the product of speed of
sound through that medium and its densi8rA,c). From this information the
pressures may be calculated for incidence, refleciind transmission. The incident
pressure is denoted Iy, reflected byp and transmitted bp'. The coefficients of
refection and transmission can be defined as tthesraf these respective pressures.
Equations (11.1) and (11.2) define the reflecteditaansmitted coefficients.

Refect = g+ (11.1)
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t

T =P (11.2)

ransmit —_+

p

For conservation of energy the incident and th&ecefd pressure must sum to the
transmitted pressure, Equation (11.3). Dividing.8lbyp’ gives Transmi=1+Refiecs
the relationship between transmission and reflactidonservation of energy also
requires the particle velocities to balance. Equmafil1.4) states that the sum of the
incident and reflected particle velocities must aqthe transmitted velocity. The
superscripts refer to the usual incident, refleeted transmitted particle velocities.

p+ + p_ = pt (113)
U*+U-=U" (11.4)

Equation (11.3) can be divided through by the dttarsstic impedance for the
mediums each of the waves is propagating throughitreg in Equation (11.5). The
incident and reflected propagate throufjrand the transmitted through. Equation
(11.5) is then divided through Ipy and appropriate substitution of the reflected and
transmitted coefficients gives Equation (11.6). vB@ for Refect and Transmit
respectively gives Equations (11.7) and (11.8), th#ection and transmission
coefficients in terms of the impedance for the mediums.

+

- t
PP _p (11.5)
Zl Zl ZZ
i + Reﬂect - Transmit (116)
Zl Z]_ ZZ
Z,-Z
flect = ( 2 1) (117)
(Z,+2)
T -2 (11.8)

ransmit — m

From Equations (11.7) and (11.8) it can be seenth®pressure phase relationship
between incident and transmitted waves is alwags dame irrespective of the
impedance change. Whereas the pressure phasenshapi for the reflected wave is
not always the same. Larger secondary impedantas tae incident pressure phase,
asZ, -7, is positive. IfZ, —Z; is negative the reflected wave is out of phasd &y
degrees.

It is often more important to know the power ttgiricident, reflected and transmitted
rather than the pressure. By using Equation (83jBaquations, for the intensity, new
reflection and transmission coefficients for thewpo can be derived and ¢
respectively. The intensities can be used direaflyall the surface areas in these
instances are identical and therefore cancel. lnsa{11.9) and (11.10) show the
derivation and reduction. Conservation of energybisyed ag+7=1.
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(‘:_+____ :&ecz (119)
Wl p*7 L (Zr2)
Zl
t t Z
T - S, (11.10)
wW* | (p+) Z, (Z,+2)
Zl

If the impedance of the second medium is very lagggroachingo, the reflected
coefficient Reriect approaches 1 and no pressure is transmittedisslk reflected. If
the second impedance is very smBlzec: approaches —1, a complete out of phase
reflection and again no pressure is transmitted the second medium. Whef
equalsZ, complete transmission occurs and no pressure emgens reflected back.
This represents complete acoustic coupling.

A complete description of the impedance will alsclude the complex forms of
pressure velocity and impedance. It is normal fasimof these variables to be
frequency dependent and contain reactive componentzddition to the purely
resistive one. The specific pressure can be deflmedome complex oscillatory
primary pressure such thaix,t)=P(x)é”!, which must be a part solution to the
position independent wave equation, Equation (1.Differentiatingp twice with
respect to time gives Equation (11.11). Placing thio the general wave equation for
pressure gives Equation (11.12), whées a function ofx, this is the Helmholtz
equation for a one-dimensional system.

2 j at
ﬂi) = —k*pe* (11.11)

dt?

9°P

X2

+k2P=0 (11.12)

The solution to Equation (11.12) is that of a staddelliptic partial differential
eguation and can be solved by separation of vasalilhe solution of which is given
by, Equation (11.13). As the specific velocity isetpressure over the specific
impedanceJs can be represented by Equation (11.14). The spbdcindicates the
primary medium; subscrip2 will be used for the secondary medium. Figure 11.1
shows the general representation of an impedarenegehfor a given driving source.
Note: the alpha term is the outward travelling waset decreases with distancand

the beta term is the inward travelling wave aseitrdases with decreasing distarce
The inward and outward pressure wave Rfeand P respectively wher®"=ae™*
andP=pge**.

P(x) = ae™ + B (11.13)
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U = g —Zﬁeikx (11.14)

Length L

SourceI4

Distance x Distance d

Figure 11.1 Sound source driving into impedance ;Avhich then changes to impedance,Z
The distanced=L-x for considering pressure and velocity as a functioof the
distance from the impedance change.

It is more convenient to know the distance from mhedium change than from the
source, defined ad=L-x. With this in mind Equation (11.13) and (11.14ndae
rewritten as Equations (11.15) and (11.16) respelgti The beta term in Equation
(11.15) can be multiplied by*/ P* and the pressure reflection coeffici@inserted
for P/ P. Similarly the beta term can be replaced in Equatii1.16).

P(d) = ae ek + fele ™ = P (e + R, ™) (11.15)

u, = 9 ik gid _ﬁeikLe—ikd :P_(eikd “R,..e™) (11.16)
Zsl Zsl Zsl

U, =U(€" ~Rye™) (11.16a)

Equations (11.15) and (11.16) are now defined mseof the distance from the
impedance boundary and bdhandUs are functions ofl. Therefore, an impedance
as a function ofl can be generated, Equation (11.17). At the boynabhered=0 the
exponential terms vanish and the impedance oféherslary medium can be defined
by Equation (11.18), solving fdesec: gives Equation (11.7).

(eikd + Reflecte_ikd)
(elkd - Reﬂecte_lkd)

Z(d)=24 (11.17)

s2 = slw (11.18)
(1_ F%flect)

So long asZs; is not equal taZs; a standing wave pattern will be generated and is
usually defined by the standing wave ra®8W\R. The SWRis the ratio of maximum
pressure to minimum pressu@WR=Ra{Pmin). The pressure at any given location is
given by Equation 11.15, where the maximum posgbdssure isl+ Reqec) and the
minimum (L- Rsec). Therefore, th&SWRcan be defined in terms &xec; Equation
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(11.19) orRefiect in terms of SWR Equation (11.20). The absolute value Rafiect IS
used as only the magnitude of B#/Rratio need be considered.

SWR= —gi Eﬂwi (11.19)
\Reﬂect = % (11.20)

Two important transmission cases exist for the Hieliz resonator, a pressure
release tube, port, and a rigid termination, chamBeth these need to be evaluated
to examine the pressure, velocity and impedanceirong in each. The port is
terminated into free space so has a reflectiveficoait of —1. The chamber is
terminated in a solid end and hence has a refeectrefficient of 1.

The solution for an open port can be derived uding existing transmission
equations. Using Equation (11.15) and combinindhwite definition for pressure
given byp(x,tH)=P(x)é”", noting that isRefiect = —1 andd=L-x, gives Equation (11.21).
Expanding out the exponential terms and cancetiings Equation (11.22). At=0
Equations (11.23) and (11.24) must be true. Thesebe combined to derive an
expression folP”, Equation (11.25). A complete interpretation foe tpressure can
now be formed into Equation (11.26).

P(x,t) = P* (et — g k(t=))get (11.21)
P(x,t) = P*2iSin(k(L - x))e'“ (11.22)
p(Ot) = Pe* (11.23)
P(0t) = P*2iSin(kL)e'“ (11.24)

. :ﬁo(ku (11.25)

RSINk(L X)) Ja

P = =ik

(11.26)

A similar analysis of the velocity is possible stag with Equation (11.16a) in which
the substitutiord=L-x is made resulting in Equation (11.27). Cancellimg complex
trigonometric terms expanded from the complex erptials gives Equation (11.28).
Using the definition for the velocity at=0, Equation (11.29) and combining with
(11.28) atx=0 leads to Equation (11.30). Equation (11.30) caplhaeed into (11.28)
to form the complete mathematical description dbeky, Equation (11.31).

U, =U_ (0 + gkt (11.27)
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U.(x,t) =U_" 2Cogk(L — x))e“ (11.28)

U.(0t)=U€“ (11.29)
ur=—Jo _ (11.30)
2CogkL)

U,Cogk(L —x)) ot

Ve == k)

(11.31)

The velocity may also be solved using the smalhaigorm of the conservation of
momentum, Equation (11.16). By noting that thet fifsrivative of the pressure with
respect to position must equal the first derivatbfevelocity with respect to time.

Using Equation (11.31) this can be expressed byatmu (11.32). Therefore, the
integral of Equation (11.32) with respect to timasnbe the velocity in terms of the
primary pressure, Equation (11.33). Substituting=8z/1 andw=2z and appropriate

cancellation then allows a further substitution tbe characteristic impedance
(poc=2Z3, from c= ifreq). Finally arriving at the specific velocity, Equat (11.34).

d 1 [RSINK(L=x) |- ~kRCoIK(L ~X)) u (11.32)
dxpy|  Sin(kL) P,SinkL) '
-k I RCOSK(L = X)) jur |y = KRCOSK(L = X)) s (11.33)
24 SinkL) PoeBin(kL) |
US(X,t) _ iPOCOQK(L - X)) g (11.34)

Z,Sin(kL)

The specific impedance can be calculated by digidigquations (11.26) by (11.34),
the specific pressure over the specific velocitye Tesult is Equation (11.35), which
can be further simplified by changirigx for d, Equation (11.35a). It may be noted
that the impedance is no longer time dependant.

Z4(x) =iz, Tan(k(L - x)) (11.35)

Z,(d) =iz, Tankd) (11.35a)
The specific pressure, velocity and impedance cancdiculated in an identical
fashion for the rigid termination occurring insithee chamberRefect = 1). The time

dependant pressure and velocities are given by tlegsa(11.36) and (11.37)
respectively. The time independent impedance isrghy Equation (11.38).

~iZ U Cosk(L = X)) yu

Pt = Sin(kL)

(11.36)
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U.(x,t) = UOSir(k(I— = X)) gd
s Sin(kL)

(11.37)

Z..(d) = -iz,Cot(kd) (11.38)

12. Lumped parameters

If the chamber and port are small compared to theelengths that are driving the
system and are causing the primary resonance ligesystem can be broken into its
lumped components. This is true for all the expgloma work conducted in this
investigation.

The Helmholtz resonator can be approached in tefnhe lumped components
making up the port and the chamber. The impedahttee@ort is that of a short open
cavity and the chamber a mass spring system. Tdretdby considering the sum of
the impedances for the combined system the resosgétem can be solved. It must
be noted for a resonant system to oscillate, theta@ce component of the impedance
must be zero at the frequency of oscillation.

For a short open cavity, which is effectively whia¢ port is, the specific impedance
is given by Equation (12.1), derived from Sectioh fior an open tube. For
k(l,+41)<<1 the small angle approximation can be used ancetdrfgnction ignored
giving Equation (12.2). Using the definition forettcharacteristic impedance and
converting the impedance from that of radiationatmustic impedance (See Basic
Equations (No.5) and (No.6), Equation (12.3) isnfed. The sound losses to the
environment caused by the radiation impedance lee &dded using the acoustic
impedance of Equation (6.12a). Therefore, the ttalustic impedance generated by
the port is given by Equation (12.4).

z," =izTank(l, +Al)) (12.1)

z," =iz (k(l, +Al)) (12.2)

z."= i‘;po (1, +Al) (12.3)

z.n =14Py (1, +2l) + Pock’ (12.4)
S 27T

p

The acoustic impedance generated by the chambérers added as an additional
lumped component to that of the port. The chambpeas as a closed volume acted
upon by a radiating piston source and hence carefesented by Equation (12.5).
The specific input impedance to the chamber careWwetten in the form of Equation
(12.6) using the small angle approximation for téregent function, which is valid for
kle<<1 (Ic is the chamber length), and the definition for ¢tharacteristic impedance.
To find the acoustic impedance the specific impedaadivided by surface area of
the port,s,. The volumeV can then be substituted for the produsy allowing
Equation (12.7) to be formed.
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L 125
* " Tan(Kl,) (129
. I 2
z" = —% (12.6)
. i 2
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The total acoustic impedance can now be equatedaangreviously stated the
reactance at resonance is zero. Hence, Equatio8) (@&n be formed and reduced to
Equation (12.9); the second term effectively vaessht the resonant frequency. The
classical Helmholtz resonator equation results wajbpropriate cancelling and
rearranging, Equation (12.10).

. 2 H 2
Zain — Ia'po (Ip +A|) + pOCk _ IpOC (128)
Sy 2r Vv
ipc® _iap,
= | +Al 12.9
Y s, (I, +A4l) (12.9)
s
w=2rfreq=¢ |——— (12.10)

V(l, +Al)

13. Diffraction from edge effects

A detailed analysis of diffraction is not includethere are a number of assumptions
needed to solve even the simplest diffraction ca¥éss fact renders the results
inadequate for the frequencies and dimensions ustds investigation. Even when
such assumptions are used the results are only wathe farfield and only for high
frequencies. The general Helmholtz-Kirchhoff intégr@eds to be solved for pressure
in three spatial dimensions and the time dimensa@m,exercise that would be a
detailed investigation unto itself (See Blackstd@000) for an introduction to
diffraction).

To solve the Helmholtz-Kirchhoff integral the pressunormal to any given
diffraction source must be known advance. An ermogirmethod would provide the
most efficient way of analysing the diffraction acgng in complex shapes such as
the interior and exterior area of the port. Avoickf excess sources of diffraction is
advantageous. In this investigation the microphisneithin the port and hence does
not ‘see’ the direct effects of diffraction takiptace at the port entrance and exit. The
microphone is affected by the indirect pressuraatians occurring outside of the
port. These ‘fringing’ effects will cause small sedary variation within the port as
the interference can be considered a secondarydamge source to the openings.
These secondary sources are far smaller than theagyriones caused by radiation
impedances, which are a more significant loss eécstlstem.
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Appendix B
Software descriptions and functional block
diagrams

1. Resonant hunting

Chamber, port dimension and IIR software filters set. Timers set duration for pink
noise (10 seconds) followed by two frequency swd@diHz stepping and 0.005Hz
stepping). The first sweep is 2Hz wide and the sdc0.1HZ. The acquisition
captures frequency data (FFT) and temperature (RI®) at 40,000 samples per
second. Amplitude data is converted to dB usingsighal as a reference value. An
IR 3 order band pass filter is applied to frequencyadatremove unwanted pink
noise frequencies. An IIR™order low pass filter is applied to temperaturéada
remove thermal noise. A buffer joins continuougjérency data together to build a
profile of the resonant peak. The maximum amplitudkie is used to calculate the
chamber volume. Simultaneously a power spectrudisiglayed to allow the user to
determine if resonance has been correctly idedtifi@nce a volume has been

calculated the user can save the frequency, ardplituwolume and temperature data.

A function block diagram of this process is givarFigure 1.

Figure 1. Resonant hunting * order low

functional block diagram | s flter
I Hz and
averaging

‘ Freq. And amplitude acquisition ‘

‘ Sequencer | | Timer ‘ | DAQ acquire | Freq filter | ‘ Buffer | ‘ Volume cale ‘ Save data
Sequences Times the Captures 3™ arder Buffers * Calculates Saves last
the pink pink noise Emperature band pass current and vol. based on scan,
noise, freq. + duration and + and y filter " *‘ previous + Helmholtz + resonant
range one freq. Scan frequency freq. and eqn. and freq. and
and two imes data amplitude temp. amplitude

| Chamber data ‘ | Filter settings |
Chamber Set filter Cl.fil':l"‘l'la.m?
settings and frequencies [_EJ:D“EI
physical + based on = ".p':_"_;la_'
dmensions chamber * gensity
settings

‘ Freq. And amplitude generation ‘

‘ Freq Incr | [ Signal type | ‘ Signal gen ‘

Sets the Selects Pink Signal
frequency noise, sine or generation
range and SQUATE Wave * by DAQ
ncrement output
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2. Broad frequency scanner
Frequency range and IIR software filters are s®CEprofile is loaded for the
frequency range to be scanned. The acquisitionuceptfrequency data (FFT) and
temperature data (RTD) at 40,000 samples per seéaonglitude data is converted to
dB using 1V signal as a reference value. An IfRogder band pass filter is applied to
frequency data to remove noise frequencies. ArlilRrder low pass filter is applied
to temperature data to remove thermal noise. Aebydins continuous frequency data
together to build a profile over the frequency m®nghe maximum amplitude and Q
factor values are displayed. Simultaneously a papectrum is displayed to allow
the user to determine if resonance is occurringe Tiker can save the frequency,
amplitude, Q factor and temperature data. A fumchtock diagram of this process is
given in Figure 2.

Figure 2. Broad frequency scanner
functional block diagram

Freq. And amplitude acquisition

Temp filter

1* arder low
' pass filter,

1Hz and

averaging
DA acquire Freq filter Buffer () factor Save data
Captures 3™ order Buffers Calculates Saves ()
temperature hand pass current and factor based profile,
and B *‘ filter, 20- + previous on =3dB resonant
frequency 300H= freq. and points freq. and
data anplitude Temperature

Freq. And amplitude generation
Load ENC Freq Incr ENC adjust Signal type Signal gen
Loads a Sets the Sets the out Selects Pink Signal
environmental frequency . put noise, sine or generation
normalisation + range and amplitude SUATE WAVE by DAQ
CUrveE mcrement based on output
size ENC data
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3. Chamber mapping using resonant hunting

Chamber, port dimension and IIR software filtere aet. The user sets the initial
height for the sample volume to start at and ttstadce for it to travel. Timers set
duration for pink noise (10 seconds) followed byotérequency sweeps (0.1Hz
stepping and 0.005Hz stepping). The first swee?Hs wide and the second 0.1HZ.
The acquisition captures frequency data (FFT) antperature data (RTD) at 40,000
samples per second. Amplitude data is convert@Btasing 1V signal as a reference

value. An IIR ¥ order band pass filter is applied to frequencyadat remove

unwanted pink noise frequencies. An IIR' arder low pass filter is applied to
temperature data to remove thermal noise. A bydieis continuous frequency data
together to build a profile of the resonant pedie Taximum amplitude value is used
to calculate the chamber volume. Simultaneouslypwaep spectrum is displayed to
allow the user to determine if resonance has beaedatly identified. Once a volume

has been calculated the frequency, amplitude, veland temperature data are saved.

The stepper motor is incremented 1mm and the psosgeeated until the maximum
distance for the sample to travel is achieved. #cion block diagram of this process

is given in Figure 3.

Figure 3. Chamber mapping using

. 1% order low
Resonant hunting g | Fass filter.
1Hz and
averaging
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4. Q profile shifting
A four state software system was implemented in @herofile shifting technique

(Figures 4-6). The initialise state O is the sgtfthe sample to be used in controlled
drops. State 1 -Find the resonant frequency vienae® hunting. State 2 - Acquiring a
Q profile for the empty chamber. State 3 - Perf@ngontrolled drop and analyse
microphone amplitude data to allow Q profile shidi

State 1 — Resonant hunting on empty chamber
Chamber, port dimension and IIR software filtere aet. The user sets the initial
height for the sample volume to start at, drop dpm&d the distance for it to travel.
Timers set duration for pink noise (10 seconddlp¥edéd by two frequency sweeps
(0.1Hz stepping and 0.005Hz stepping). The firstegwis 2Hz wide and the second
0.1HZ. The acquisition captures frequency data R temperature data (RTD) at
40,000 samples per second. Amplitude data is ctetvéo dB using 1V signal as a
reference value. An IIR 8 order band pass filter is applied to frequencyadat

remove unwanted pink noise frequencies. An [{Rodder low pass filter is applied to
temperature data to remove thermal noise. A buydies continuous frequency data
together to identify the resonant peak. SimultasBoa power spectrum is displayed
to allow the user to determine if resonance has loeerectly identified. A function

block diagram of this process is given in Figure 4.

Temp filter

speed

Freq. And amplitude generation

Freq Incr Signal type Signal gen
Sets the Selects Pink Signal
frequency noise, sine or generation
range and square wave * by DAQ
increment output
size
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State 2 — Generate Q profile
A continuous frequency sweep (0.01Hz stepping)ki$opmed based on the resonant
frequency identified in state 1 (10Hz prior to 1Hast). The acquisition captures
frequency data (FFT) and temperature data (RTDJ0a®00 samples per second.
Amplitude data is converted to dB using 1V signslaareference value. An 1IR3
order band pass filter is applied to frequency dataemove unwanted pink noise
frequencies. An IIR L order low pass filter is applied to temperaturéada remove
thermal noise. A buffer joins continuous frequerdata together to identify the
resonant peak. Simultaneously a power spectrums@aged to allow the user to
determine if resonance has been correctly idedtif@ factor is calculated and & 5
order polynomial or spline is fitted to the resona@ak profile (Q profile). A function
block diagram of this process is given in Figure 5.

Figure 5. Q profile shifting
State 2 — Generate Q profile
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DA acquire Freq filter Power spctrm Buffer Q) factor Curve fit
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data amplitude
Freq. And amplitude generation
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Sets the Selects Pink Signal
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increment output
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State 3 — Perform Q profile shifting

A single frequency is output to the loudspeakeretiasn the resonant frequency
detected for the empty chamber. The acquisitiortucap frequency data (FFT) and
temperature data (RTD) at 40,000 samples per seéaonglitude data is converted to
dB using 1V signal as a reference value. An [fRogder band pass filter is applied to
frequency data to remove unwanted noise frequenaiesiR 1° order low pass filter
is applied to temperature data to remove therma&end\ buffer joins continuous
microphone amplitude data together to identify wttensample is in the centre of the
chamber. Q profile shifting is performed to matttemuation to that observed for the
empty chamber and the chamber containing the samplelume is calculated using
the Helmholtz equation based on the predicted resenmant frequency. Microphone
levels during the drop, Q factor, temperature attsind finish and the Q profile are
saved. A function block diagram of this procesgiven in Figure 6.

| Temp filter | | Temp comp ‘

Figure 6. Q profile shifting I order low Adds a freq Qprofile '—
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5. Continuous Q profile shifting

A four state software system was implemented ferdbntinuous Q profile shifting
technique. States 1 and 2 are identical to thosel der the previous Q profile
shifting, Section 4. State 0 - Load &NC profile to be used in subsequent
measurements. State 1 - Find the resonant frequeaagsonant hunting (Figure 4,
Section 4). State 2 - Acquiring a Q profile for t@pty chamber (Figure 5, Section
4). State 3 - Perform continuous Q profile shifting

State 3 — Continuous Q profile shifting

A single frequency is output to the loudspeakeretiasn the resonant frequency
detected for the empty chamber. The acquisitioriucap frequency data (FFT) and
temperature data (RTD) at 40,000 samples per seéaonplitude data is converted to
dB using 1V signal as a reference value. An [fRogder band pass filter is applied to
frequency data to remove unwanted noise frequenaiesiR 1° order low pass filter
is applied to temperature data to remove thermaend buffer joins the last two
microphone acquisitions and averages them. Theep&ge difference in level from
an empty chamber and the one containing the saim@ealuated. Th&NC data is
used to create a corrected Q profile. The corre@eaurofile is frequency shifted to
match attenuation to that observed for the empayndyer and the chamber containing
the sample. Linear interpolation is used to evalubhe Q profile as it is shifted. A
volume is calculated using the Helmholtz equati@sda on the predicted new
resonant frequency. Temperature at start and fin@@hprofiles (raw and ENC
corrected), the drive frequency, predicted resoffi@guency and predicted volume
are saved. A function block diagram of this prodesgven in Figure 7.

State 0— Load ENC | Diagram #2 Advanced OFPS |
data and wait for st frec
Flgure 7 itart Ctlmdlst]nn R .tn fa'.'.ln'-ﬁ' for
H 7 H State 1- Scan for temperature . R
- R ter Fr ter
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(see free fall #1)
Freq. And amplitude acquisition ‘ State 2— Scan for Q (|| Zeros ENC Linear
factor profile (see m profile atf '.I‘i_lg‘pn_ar["_.m‘_
T filter MR- resonant freq | Ljgg)| of Q profile | Ly,
free fall #2) offsets the @ at new
State 3 — Perform rofil resonant fr
— profile resonant freq
1* order low advanced QJLJ”S ];D?Es m - +
pass filter, ENC profile
* 1Hz and and adjusts
avera :r for
Eng temperature
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Freq. And amplitude generation ‘ £7 for details emperature, drive
frequency and cale
Signal type ‘ | Signal gen | volume
Selects Pink Signal
noise, sine or generation
SQUATE Wave —" by DAG

output
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6. VCR Q profile shifting
A five state software system was implemented fer ¢ontinuous Q profile shifting
technique. State 0 - Load &NC profile to be used in subsequent measurements and
offset it based on the amplitude at the drivingjfrency of the empty chamber. State

1 - Acquiring a Q profile for the empty chamberat8t2 - Perform a dynamic Q factor
profile shift. State 3 - Create &NC profile. State 4 - Check aBNC profile. The
VCRfloor can be raised and lowered via software adnithe position will determine

the interior chamber volume.

State 1 — Acquire Q profile
Using the chamber volume information an approximasonant frequency can be
calculated based on the Helmholtz equation. Thisokes the need for a pink noise
burst to identifying the resonant frequency. A tsweeep frequency scan is then
performed as described in Section 1 to identify tegonant frequency to within
0.01Hz. Amplitude data is converted to dB using ropbione calibration data
described in Appendix D, Section 3. An Il 8rder band pass filter is applied to
frequency data to remove unwanted noise frequenaie$siR 1° order low pass filter

is applied to temperature data to remove thermaéend frequency scan is then
performed over a range to allow for a 15% changehamber volume. A buffer joins
continuous frequency data together. Simultanecaigipwer spectrum is displayed to
allow the user to determine if resonance has beereatly identified. A function

block diagram of this process is given in Figure 8.

Figure 8. VCR Q profile shifting
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State 2 — Dynamic Q profile shifting

A single frequency is output to the loudspeakeretiasn the resonant frequency
detected for the empty chamber. The acquisitiortucap frequency data (FFT) and
temperature data (RTD) at 40,000 samples per seddred percentage difference in
level from an empty chamber and the one contaitirgsample is evaluated. The
ENCdata is used to create a corrected Q profile.chneected Q profile is frequency-
shifted 0.01Hz and a comparison made with the a#tiéon observed for the empty
chamber and the chamber containing the sampléelfattenuation is not equal the
process is repeated. Each time the Raw Q profie/éslain withENC data. Linear
interpolation is used to evaluate the Q profilatas shifted. A volume is calculated
using the Helmholtz equation based on the predintd resonant frequenciENC
data, Temperature at start and finish, Q profitesv(andENC corrected), the drive
frequency, predicted resonant frequency and prdligcolume are saved. A function
block diagram of this process is given in Figure 9.

Temp comp
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State 3 and 4 — Create and check an ENC profile
A second microphone adjacent the port measuresv@tPLthe Helmholtz resonator
port blocked. A continuous frequency sweep (0.03kpping) is performed over a
frequency range to allow for a change in chambdume of 15%. The acquisition
captures frequency data (FFT) and temperature (RI®) at 40,000 samples per
second. Amplitude data is converted to dB usingropicone calibration data
described in Appendix D, Section 3. An IIf 8rder band pass filter is applied to
frequency data to remove unwanted noise frequengie$siR 1° order low pass filter
is applied to temperature data to remove therma&endA buffer joins continuous
frequency data together. Frequency, amplitudesemgerature are saved to disk. To
check theENC profile the same frequency sweep is performed timdyamplitudes
have been reversed based on an average SPL fmittheENC frequency sweep. A
maximum and minimum deviation is given in dB toextain whether thENC profile

is still valid. Figure 10 shows the functional kadiagram for this process.

Figure 10. ENC profile creation and
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Appendix C
Loudspeaker Parameters

1. Loudspeaker design considerations

The process of loudspeaker enclosure design isoaplex as the procedures for
developing the resonator and any other speciabsed in acoustics. It can be said
that there are a number of similarities betweenti fields, but for the most part

they are treated quite separately.

Small (1972) stated that the real beginnings ofd$peaker and enclosure design
started in the 1950’s with a switch from what ismoonsidered the primitive low
compliance designs to more modern high compliamas.oThis principally refers to
the compliance of the loudspeaker cone (diaphragmt3 stiffness and ‘throw’.

It was important in this investigation to have awm referenced sound source with
which to generate incident plane waves. Papershigld (1971 and 1973) and Small
(1972 and 1973) provided excellent details for ysial of loudspeakers and

enclosures. What follows is a summary of their watkpported by similar findings of

Beranek (1996).

The chosen enclosure was a sealed air suspensifinitei baffle designs as
considered by Small, Thiele and Baranek (1996). ther traditional moving coill
loudspeaker there are two main enclosures thogteolvented (ported) types and
those of the sealed infinite baffle. The sealedsaispension type of enclosure is
designed to damp all rare projected sound and geosi mass loading for the high
compliance loudspeaker.

Vented types use the Helmholtz resonator effeeixtend the low frequency response
of a loudspeaker beyond what it is normally capalbldt does this by providing an
extra radiating piston in the form of the port. Tpert then resonates at the tuned
frequency just below the natural resonant frequesfcthe enclosure to provide a
secondary sound source. At all other frequenciesptirt appears as a high or low
impedance path depending on frequency.

2. Loudspeaker enclosure design

Keeping the driver within its limitations is moshportant in enclosure design. To
achieve this the small signal parameters values brisneasured. These values will
immediately reveal the true characteristics of thedspeaker, i.e. whether it is of a
high or low compliance type and therefore whetheisi best suited to an air
suspension, open baffle or ported configurationdifdonal information can be
gathered on the power handling capacity and trexreete efficiency to fine-tune the
enclosure.

Most importantly the resonant frequency of the kpehker in free space must be
considerably lower than that of the system. Foaiasuspension type of enclosure the
ratio of suspension to enclosure compliance musitdeast three. Additionally the
resonant frequency in free space must be half #swnant frequency of the
loudspeaker in the enclosure. The acoustic commiarolume of the loudspeaker
must be bigger than the volume of the enclosurstly,dilling is usually beneficial to
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the performance, but is best considered in referet@ the overall system
performance.

3. Noise cancellation and echo suppression

The creation of an equal-potential sound sourcesacea range of frequencies is a
particular problem in this investigation for creatiaberration free resonant Q profile
curves. The primary reason is loudspeaker noniiities, echoes, diffraction sources
and reflections. Recording studios and digital camimations applications in the

cellular phone industry have actively pursued theblem of flat frequency response
and perceived signal levels.

For cellular phones the main concern is backgrowige and echo reduction (Scalart
and Benamar, 1996) for the recording industry amticaenthusiast it is to recreate a
flat frequency response from their sound systene(&st, 2001). To this end digital

signal processors are used to provide delays diadirfg to the base signal in an
attempt to compensate for the variety of anomaletfects described. In this

investigation external noise does not pose a pnoldet loudspeaker deficiencies,
diffraction, reflection and echo do.

The problem for the recording industry and audicthesiasts is to create
compensation for these effects in a general way thandependent of listening
position. To achieve this often multiple microphormm@rrelation and signal
convolution is performed (Everest, 2001). For thisvestigation the various
components are statically located and advancethtigignal processor algorithms are
therefore not required.

By reducing the amount of reflection in a given iemwment a reduction in the

dependence on negative phase corrections can be. nkagrest suggests such
measures include rubber supported glass and sobsorbeng/diffracting panels.

These methods are forms of passive noise contilaa® to be differentiated from
active ones taking place electronically/digitally.

Everest has identified diffraction from loudspeaked baffling edges contribute as
much as $dB to the perceived sound level at the micropHooation. This is caused
by constructive and destructive interference. Agéinremove dependencies on the
active control these diffraction sources can baigantly reduced by flush mounting
the loudspeaker and removing baffling corners mnding or addition of absorbing
material.

Echoes are generated from walls and other surfd@sreradiate sound from the
primary source and those caused by diffraction. dffect of these can be ‘combing’
of the sound level at the microphone. Combing & ¢bnstructive and destructive
interference pattern that manifests itself as aeseof notches in the frequency
spectrum. These notches can change frequency wighshght changes in the
environment. To reduce the influence of the envitent, passive control needs to be
implemented as much as possible. As any activesrgmatrol in the form of negative
feedback used to cancel reflection and diffractian be negated by slight shifts in the
notch frequencies.
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4. Loudspeaker lobes and interference

Figures 4.1a — 4.1d are calculated polar plotafo8-inch full range speaker between
100Hz and 5kHz. They show the narrowing of the prymiobe and appearance of
secondary lobes with increasing frequency (More mete details of the piston type
radiator can be found in Appendix A, Section 5)t ffequencies lower than 1kHz the
primary lobe is wide enough to be considered an iodwectional source. The
resonator was tested in off axis positions, as aglbn axis located in front of the
speaker.

It should be noted that side lobes, those not erptimary axis, will have alternating
negative and positive phase relationships with ghenary lobe. This stems from
Bessel functions being solutions to the pressureewexjuation emanating from the
loudspeaker. Lobe transitions are zero crossinglshemce there is expected to be
regions of zero sound intensity. This phenomenailshonly occur at frequencies
wherekaSir¥ <<1, i.e. when the wave length is smaller than theakpediameter,
wherek is the wave numbed{), ‘a’ the sound source diameter afAdhe off centre
angle in radians).

120° 60°

1507 30°

180° 0°

210° 330°

240° 300°
270°

Figure 4.1a Polar plot of sound intensity for an 8"speaker at 100Hz

120° 60°

1502, 30°

180° 0°
1 1 1 1 0, 0 0 0 0 1 1 1

210° 330°

240° 300°
270°

Figure 4.1b Polar plot of sound intensity for an 8"speaker at 500Hz
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210° 330°

240° 300°
270°

Figure 4.1c Polar plot of sound intensity for an 8"speaker at 1kHz
pos
180° % o
210° 330°
240° 300°
210°
Figure 4.1d Polar plot of sound intensity for an 8"speaker at 5kHz

It is important the sound source is at a distanbere/ fringe effects caused by edges
directly adjacent to the loudspeaker are not likelypbe present at the port. Fringe
effects are usually present in the immediate vigimiround the driver, within one
driver diameter of a secondary radiating edge.

Figure 4.2 illustrates the reradiating effects f(ddtion/fringing) that edges have on
the primary sound source (Blackstock, 2000). Ratadi sound is out of phase and
can cause both constructive and destructive imrte. At distances greater than the
lowest wavelength, regions of positive and negatwenuation occur at angles
corresponding to overlap.

Only certain frequencies produce lobes that extarsd the radiating surface, Figures

4.1a — 4.1d. The radiating surface can be considbee 90 - 270 degree axes that the
loudspeaker is mounted.
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Figure 4.2 Interference caused by reradiating by slrp edges within proximity of sound
source (fringing).

Interference effects from reflections are simitathose created by edge diffraction as
seen in Figure 4.2. Therefore, the sound sourceldhie physically remote from any

immediate reflecting surfaces, such as walls onelabjects. As accuracy is the
ultimate goal of this investigation, these smatkhde may prove to be significant.
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Appendix D
Calibrations

1. Density measurements of marbles used in granulaesting

A representative sample of twenty marbles usedaogaure 7, both large and small,
were measured using Mitutoyo slide calliperdd.08mm) and again using the
buoyancy rig developed for produce and mineralsteBoth the large and small
marbles were first rolled across a flat surfacersure they were sufficiently regular;
then their diameter was measured. From the dianmeéasurements a total volume
could be established. Marble glass density wasitzdkd from the total weight for the
marbles as measured using a set of Mettler PEG&06ss

Buoyancy was also used as a comparative methodetermining the marble glass
density. The precise volume of all small and largarbles was calculated by
combining the submerged and un-submerged weightsacii collection. From this
and their collective weights the marble glass dgmgas calculated.

Results for the slide calliper measured glass temsre 2.503g/mL and 2.500g/mL
for the large and small marbles respectively. Baoyaglass density results were
2.522g/mL and 2.518g/mL respectively. The valuesvdd from buoyancy testing
should be more accurate as it was not possiblegasore precise marble diameters
due to their spheroidal (diameters had up to 3%rmdccity) rather than spherical
manufacture.

2. Calibration of variable chamber resonator, SMC LXPB200 linear actuator

The SMC LXPB200 linear actuator movement was meakuia a set of Mitutoyo
slide callipers with a stated accuracy @G1mm. The linear actuator was moved at
1mm step intervals as measured from the actuatdy twthe actuator plate, Figure
2.1. The range of movement was from 109.71mm to.7424m equating to a O-
300mL volume sample range when using the varididenber resonatoVCR. The
step accuracy was found to b&.92mm; the specified accuracy of the SMC
LXPB200 linear actuator wagd#3mm.

C— — 1

¢ Distanct
SMC LXPB20(
Figure 2.1 The SMC LXPB200 linear actuator diagramshowing where calibration

measurements were taken.

Taking ten repeat measurements of extension fr&@n@m to 116.50mm provided
checks on the repeatability of the actuator moveém&he repeat accuracy was
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+0.015mm. This shows the repeatability accuracy resatgr than linear stepwise
movement accuracy. Measurements of incrementapistgpand repeat positioning
are both better than the stated data sheet forSME LXPB200. The volume
inaccuracy associated with a 0.02mm error is 0.2wihich is better than thg#CR
volume measurement accuracy by a factor of ten.

Both a dry and thin water film layer method wasdise ensure there were no air
leaks occurring at the boundary between pistonn@-end the chamber bore. The
VCR piston position was actuated between 100mm to btisiry and the Q factor
and temperature recorded. This was then repeatédavbOmL thin film of water
covering the piston. The water would act as a eato any potential air gaps that
may exist. The dry and wet Q factors should beitugmtly different if any leaks
were present in the dry tests. Results showed @Qriabetween wet and dry mirrored
each other with incremental stepping of the pigiosition, Figure 2.2, suggesting no
air leaks for th&/CR’snormal operation.

70 -

&
60 | @ g o o © -
] @ 4 o o o
o} m] <o o O o
50 | 8 m} 0O g
= 40 ©Dry
% 0O50ml water
8 30 |
(0
20
10
0 T T T T T T T T 1
98 100 102 104 106 108 110 112 114 116
Actuator extension (mm)
Figure 2.2 Q factor tests ofVCR when dry and with a 50mL thin water film covering the

piston.

3. Anechoic chamber calibration of microphone anddudspeaker

An anechoic chamber was used to calibrate the RE3B Inicrophones anRealistic
sound meter at IRL, Lower Hutt, NZ. The referencasva calibratedQuest2400
sound meter and 1kHz noise source of 93.6dB. Gaidr was conducted at 16.2°C
as measured by a calibratddrt ScientificRTD temperature meter model 1502A.

A broad frequency sweep from 50 — 300Hz was comrdutd gauge the influence of
the loudspeaker in terms of linearity (Figure 3.Apechoic testing revealed the
loudspeaker to within :5dB over the range 90Hz — 200Hz ardiB between 50Hz

— 300Hz. Measurements were made with a PCB103Aopiamne. Two other plots
are given in Figure 3.1 as position 1 and posifoithese are the plots for the usual
measurement environment during the experimentalpoment of this investigation.
These show the influence of reflection and refoactiand also the need for
environmental normalisation curvasNC). The pronounced step in the anechoic data
below 90Hz made measurements in this region diffies described in th@PS
procedures.
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Amplitude (dB)

I
! —— — Position 1
-65 - J .
—————— Position 2
70 J Anachoic
Figure 3.1 Broad frequency sweep of anechoic chamband two positions used in non-

anechoic environment. Measurements made with PCB 38 microphone
mounted 30 degree off axis at 0.5m. Position 2 takatop of VCR resonator with
port plug 50 degrees off axis at 0.5m.

In all tests the PCB 103A microphone aRdalisticsound meter data was offset to
coincide with the calibratedQuest meter. This allowed direct comparison of
sensitivity. Objective tests with a calibrated mogource showed theealisticsound
meter was 2.3dB low on its display and 9dB lowtsranalogue output at 77Hz.

To gauge the response time and sensitivity of 6B BicrophoneRealisticsound
meter andQuestsound meter, all three were subjected to a broeguéncy sweep
between 50Hz — 300Hz, Figure 3.2. Results showdd marginal differences in
sensitivity and response, Figure 3.3 is given tdhir highlight any differences
between thdrealisticandQuestsound meter from that of the PCB microphone. Both
the Realistic and Questmeters have similar deviations. This discrepamoynfthe
PCB microphone may be attributed to the weightinfijit€r built into the two sound
meters.
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Figure 3.2 Broad frequency sweep comparison betwe&CB 103A microphone Realistic
sound meter andQuestsound meter taken in anechoic chamber. Fast sweep,
2Hz/sec

2 .
15 {%
1
o X #+
° ++ ..
; >§& . H N + + Realistic
g 05 % XK A, :i & x Quest
a X "
€
< 0
50
-0.5
-1
Figure 3.3 Broad frequency sweep deviation from # PCB 103A microphone for the

Realisticsound meter andQuestsound meter taken in anechoic chamber. Fast
sweep, 2Hz/sec

When a narrow sweep over 65Hz — 95Hz was made dbattbn between the PCB
microphone and the sound meter was negligible. Trtd&ates the sweep speed is
significant in comparing the devices, Figure 3.4. Aentioned, the weighting filter
may be responsible for deviations seen in the bfoeglency sweep. There was a
+0.2dB difference detected when comparing the dewviadf the microphone to the
sound meters, Figure 3.5. At the frequency of 7%hkre was less than 0.1dB
difference and hence this frequency was chosen alibrate the PCB 103A
microphone.
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Figure 3.4 Narrow frequency sweep comparison betvea PCB 103A microphoneRealistic
sound meter andQuestsound meter taken in anechoic chamber. Slow sweep,
0.2Hz/sec
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Figure 3.5 Narrow frequency sweep deviation compé#on betweerRealisticsound meter

and Questsound meter taken in anechoic chamber. Slow swedh2Hz/sec

The PCB103A microphone calibration was conducteshgushe Realistic sound
meter. Both the microphone and the sound meter sdgcted to two signal levels
over a frequency range from 50Hz to 200Hz, Figuf Bhe signal differential was
an average of 3dB for both the PCB microphonestb@dound meter. This indicated
they each had the same differential sensitivityewthe output was normalised using
the environmental normalisation procedure, Chapter the output from the
loudspeaker was recorded at a steady 86.3IBdB. By taking this as the objective
sound level the PCB signal could be offset andextiyr calibrated for its sensitivity.
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15 | | Freguency (Hz)
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At1V 3L 170mm 18.8
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-40 4
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Figure 3.6 Calibration tests using 1Vpp and 2Vpp ginals generated by DAQ,

demonstrating a 3dB change in level as measuredtine port. Also shown is a
corrected output profile using ENC data at —37dB.

The output was compared for both the sound metdrtaea PCB microphone to

confirm the similarity in sensitivity over a nominange of 70Hz to 110Hz, Figure

3.7. The outputs of both were offset to allow direemparisons. No resonator was
present; therefore the output was representativieeofoudspeaker and environmental
effects. The average sound pressure level innktamce was 90dB.

Frequency (Hz)

L0 75 80 85 90 95 100 105 110
-4 A
Soundmeter (90dB)
- PCB103A
m
=
()
©
2
=]
£
<
-14 4
-16
-18
-20 -
Figure 3.7 Output from the Realistic sound meter ad PCB 103A microphone in
experimental environment. Amplitude is referenced® a 90dB level (0dB =
90dB).

The sound pressure level in dB is given by Equafdo.13), Basic Equations. By
rearrangement the source pressure can be madeljeets Equation (3.1), and hence
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the sensitivity in volts per kilopascal gMs/kPa) can be determined. By noting that
the PCB microphones are used on the x100 settiggation (3.2) can be formed
which gives the PCB103A’s sensitivity. This caldida is dependant on the reference
sound level meter’s output (86.3dB).

P=2x107 exF{S—PLj (3.1)
20
Sensitiviy = 120 _ 1 3.2)
0P P

whereV is theRMS signal voltage measured from the PCB microphorseutest
(8.404m\kms) and P is the pressure in Pascal of the reference so@e=8dB =
413.07mPa). The 1000 multiplier in the numeratodug to the sensitivity being in
kPa and the one hundred term in the divider indégr@minator to the x100 setting of
the PCB amplifier. The sensitivity of the PCB103Acrophone was calculated to be
203.5mV/kPa (-6% from stated datasheet sensiti®@B 103A microphones are
+15% their nominal listed value).

A VCR calibration using variable piston position was emaken in the anechoic
chamber to gain a better understanding of how tsability at sub 100Hz
frequencies affect the accuracy@PStechniques. The amount of scatter seen is not
significantly less than that observed in €R’s normal non-linear environment,
Figure 3.8. The reduction in scatter after spedificve fitting is reduced from7AmL

to +5mL.

A
j 4 b A
E A
(]
£ 2
o A
> A
T A
= fa
2 01— ; ; . ; ; .
< 40 A10 L, 60 , 110 & 160 210 260 310
£
o A Actual Volume (mL)
= -2 4 A
c
i)
ke A
3 -4 | A
[a)
A
-6 -
Figure 3.8 Anechoic chambelCR volume deviation from true volume using a specific

correction factor on piston volumes. Resonator ha3.5L chamber with 175mm
long, 44mm diameter port.

4. Buoyancy uncertainty due to balance deflection
A small uncertainty in volume determination is pbks due to movement in the
Mettler PE600 scales used. If the scale’s measureplate deflects significantly it
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will insert a proportional amount of the immersistem (used to suspend samples)
into the water container and cause an error irbtl@yancy weight of the sample. To
guantify this uncertainty two steel blocks werecpld either side of the scales and a
steel rule placed edge on between the blocks. §erah sample weights were placed
on the scales (0-3.5kg) and the deflection meastnozd the top of the steel rule to
the scale’s measurement plate, Figure 4.1. ¢

Deflection

Steel Block — | [ 1 ?
Scales

Figure 4.1 Scale deflection tests for establishifguoyancy uncertainty due to the
immersion stem.

Steel rule —p|O

Defection tests revealed changes in height due dmht were linear for sample
weights under 500g and proportional to 0.0002mrify. samples over 500g the
deflection became parabolic with a defining projoorlity of y=—4x10%x*+0.0004x
wherex is the sample weight andthe deflection in mm. Most of the produce and
mineral testing samples were less than 500g inlweithe immersion stem is 5.6mm
in diameter this gives it an immersion volume o026mL/mm of deflection.
Coupled with the deflection coefficient of 0.0002fgnfior the scales this equates to
approximately 4.9xI8mL/g. This result is many orders of magnitude seratian the
measurement uncertainty in volume by weight. Heacale deflection is negligible in
buoyancy volume measurements.

The water container for buoyancy volume determamatiad a diameter of 260mm;
this gave it a height change of 53mL/mm caused Bgraple volume change. The
immersion stem had a volume height change of 0:024®m, this meant the error
associated with an increase in water height dusaiople submersion was 4.64510
mL per millilitre of the sample volume. The largestmple measured using the
buoyancy method was 410mL, therefore, it had aoreft 0.2mL. This is the same
order of uncertainty as the sample’s weight measeant. For the majority of samples
(<200mL) the error due to an increase in water lteig significantly less, less than
0.1mL. Therefore the buoyancy method should berateuo_©.2mL for samples
under 500mL.
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Appendix E
Working drawings and data sheets
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Drawings for primary Helmholtz resonator:
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Pinch roller assembly
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Speaker enclosure drawings:
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Drawings for variable chamber resonator:
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SECTION A-A
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Complete Assembly of variable chamber resonator
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Drawings for volume buoyancy rig:
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SECTION A-A
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Data sheets

Maodel Number

103A

Revision: K

ICP® PRESSURE SENSOR SPECIFICATIONS

ECN# 2834

DYNAMIC PERFORMANCE
Dynamic Range (far +3V output) OPTIONAL VERSIONS

s have identical specifications and accessories

he letier prefixes beic

one option may be usad.

Useful Overrange
Maximum Pressure

Rise Time
Low Frequency Response (-5%)
Linearity
ENVIRONMENTAL
Acceleration Sensitivity

Operating Temperature Range O M Metric Mounting Threads
Temperature Coefficient of Sensitivity Supplied Accessories: Mode! 060A24 Clamp Nut
Maximum Flash Temperaturs
Maximum Shock
AL
m\/psi [r {2
sec
+ YD
mA
ahms
+ VDo
material
Ca
Diaphragm
Sealing
Connector yoe
Weight oz [grams] NOTES:

[1] Zero based best straight Iine.
[2] Unless otherwise specified, sensitivities are £15%.

SUPPLIED ACCESSORIES:

[Ir Model 061A0

PIEZOTAONICE

10 T INTANEST O CONBIANT PIOUCT IMPrOYEMEN, We feserve 8 Nghto change SPRcificalions WOt

ICP"is a registered trademark of PCE Plezotronies, Inc Form DDJ35 Rev.

Driver name 8 inch Polycone
Enter the walues in the shaded boxes. Walues in bold are calculated

Calculate Qms, Qes and Qs Calculate Vas

Source voltage at amplifier terminals WS 93000 v Box Wolume Wh 2229 Litres
Source DC resistance Rs 10.00 Ohms Cone “olume WG 0.83 Litres
Speaker wvoice coil DC resistance Fe B.50 Ohms Resonance in box  |Fb 65.00 Hertz
Adjust F to at least 2 octaves above resonance. Check that varging frequency causes Yas 48.23 Litres

little or nio change in woltage. Compare voltage reading with Wref - they should be within 1022

Yoltage across RS wref 563.64 mv

Source current I5 56.36 Amps Cone Volume Calculations

Yoltage across Fs at resonance WM 10540 my Cutout diameter 185.00 mm

Resonance frequency Fs 3700 Herz Baffle thickness 15.00 mm
Cone Diameter 152.00 mm

SF]EEKEI’ impedance at resonance (Rm) Rm f8.24 Chms Dustcap Diameter 64 .00 rmm

Current flow at resonance Im 10.54 ma Average cone depth 25.00 mm

-BB current Ir 24.3F maA

i o 5.35 Apprn}{imate cone volume 0.83 Litres

-6rB voltage W 243,74 mv

Carefully adjust frequency unkil ¥r is observed acrozs Fs, above and below resonance. Enter the frequencies.

Freguency above Fs for stated voltage Fh 46.00 Herz Reference Data

FI’EDIUEHEV below Fs for stated vultaqe Fl 30.00 Herz Use this infarmation to create an equivalent

Fs sanity check (ShDL”Ij EE]UE” FS:I 37.15 Herz circuit of the driver's resonant circuit.

Mechanical Q Qams 5.35 Capacitance 320,66 UF

Electrical & Qes 0.48 Inductance 57.70 mH

Total & of driver Qts 0.44 Farallel resistor 71.74 Ohms
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