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The present invept, to a nethod and an apparatus for neasuring
t he speed of soummuw %@ MmrThe speed of sound of a gas isnﬁgréli cularly
useful for deter I er gas characteristics. Accurate OB s~ of

t he speed of sound of Jas may be made using a resonator as disclosed in
an article entitled Spherical Acoustic Resonators by M Bretz, ML Shapiro
and MR Mol dover in volune 57 of the American Journal of Physics. The
resonator containing a sanple of a test gas has an acoustic transmtter and
an acoustic receiver mounted in its wall. The acoustic transmtter is
driven over a range of frequencies and the anplitude of the signal provided
by the acoustic receiver is detected for each frequency at which the
acoustic transmtter i SWAS’(?RIN&*’?{EVSQ‘EW@F §PUNI§@FA@A§COUS“ c

recei ver picks up the strongest, sharpest signal i1e the first resonant
radial node is detected. Since the resonating frequency is a linear
function of the speed of sound of the test gas in the resonator, the speed
of sound of the test gas nay be determ ned. For a spherical resonator of

gi ven radius, the enclosed gas wll exhibit a series of acoustic
resonances. The resonances are the result of three dinensional standing

i 1 0 ? D CT Thalp2esennviasentionrrelatep ey 4 arthodanti amapparatne oo mesasuringaheispeedes ( ~
are a function of the root of a spherical Bessel function (z), the speed of

sound (c) an@fihiend Fdi i3, Phe §feed SPHRNG O@E)gagis Richrly LisefulcdP dcterediding he
e

radi al node is used bectause in this nbde Sound i npinges on the wall "of the

sphere at ri ngl.es .50 does not suffer energy | oss due to viscous
drag and so g’?%ecﬁ%%%éhaéacg%gpgs‘resonant peak which is not difficult to detect

accurately.

Accurate measurements of the speed of sound of a gas may be made using a
resonator as disclosed in an article entitled Spherical Acoustic Resonators by M.
Bretz, M.L Shapiro and M.R. Moldover in volume 57 of the American Journal of
Physics. The resonator containing a sample of a test gas has an acoustic transmitter
and an acoustic receiver mounted in its wall. The acoustic transmitter is driven
over a range of frequencies and the amplitude of the signal provided by the acoustic
receiver is detected for each frequency at which the acoustic transmitter is driven.

The frequency at which the acoustic receiver picks up the strongest, sharpest signal
ie the first resonant radial mode is detected. Since the resonating frequency is a
linear function of the speed of sound of the test gas in the resonator, the speed of

sound of the test gas may be determined.

For a spherical resonator of given radius, the enclosed gas will exhibit a series of

acoustic resonances. The resonances are the result of three dimensional standing

HII\IH\IIIIl|I\\l\\\l\llNIi\\HlI\

*166166*




-

Preyi ous researches using a basic mathenatical nodel of acoustic spherical
resonators have reported an accuracy of 0.02% in speed of sound

measur enent s. However, since the resonant frequency of the 52612rd c'al
resonator is inversely proportional to the radius of the sph , t:(hgum
resonator normally has a diameter of at least 12 cmto produce a first
resonant radial node within the frequency range of the acoustic
transducers. However, a resonator of this size is too large to be used in a

P P er  0ees ARE! B £ QBHER' sl Ynd Rhafle RONEAGD SR AHERES! hedBR P) P

or for use in a convenient a e resonator were to be
reduced to a here of dia er.3 for ex le the first resonapt radial
node woul d oc®uft S%enﬁﬁloﬂfssae%‘“w (%H’: the %?ﬂagpwngéﬁbﬁﬁéﬁ%rﬁﬁgpw
acoustic transducers (20 Hz -13 2 1 hxZ~. ~or ocT ~ According to a
first aspect spheree giveadynt inventi on an apparatus for determning the
speed of sound of a gas conprises: a substantially spherical resonator for
containing gas to be tested; an acoustic transmitter for applying an
acoustic signal to the interior of the resonator; an acoustic receiver for
detecting the anplitude of the acoustti=cc5<'zgc al in the interior of the
resonator; and control neans for determning the speed of sound of a test
gas fromthe frequency of a detected resonant node; wherein the detected
resonant node is a non-radial resonant node and the internal radius of the
resonator is substantially 5cmor |ess. According to a further aspect of
the present i"thewdlabmcalenedebqgausdenéhlﬁimriM@oumglmmaw @t theowall obthea gas
conprises: applying an acoustic signal to the interior of a substantially
spherical ressphaek righténglesiand s@dgasnot beff& RAady Wss da¢fitviedousttiradaridssot 0 be
determ ned; detecting the anplitude of the acoustic signal in the interior

of the resonaiBhuced 96 r&bIAM HO& L mﬁg 8 IAggas W thin the
resonat or fri‘sm tlhcee ?r}el%ﬁenc{;/gd(g? a detgtécte qlrfgésu(%ﬂalrél?g%tg g; 3 ¥
Previous researches using a basic mathematical model of acoustic spherical

resonators have reported an accuracy of 0.02% in speed of sound measurements.

However, since the resonant frequency of the spherical resonator is inversely
proportional to the radius of the sphere, the resonator normally has a diameter of at
least 12 cm to produce a first resonant radial mode within the frequency range of
the acoustic transducers. However, a resonator of this size is too large to be used in
a probe to be inserted conveniently into a source of gas such as a gas pipe or for use
in a convenient and compact housing. If the resonator were to be reduced to a
sphere of diameter 3 cm for example the first resonant radial mode would occur at

about 18 kHz which would be beyond the range of acoustic transducers (20 Hz -13



0 7,D CT 2002 wherein the detected resonant node is a non-radial resonant
node and the internal radius of the resonator is substantially 5 cmor

‘l ess. The inventor uses a first non-radial resonance which owm-raw
frequency bel ow that of the previously used first resonant ra&adi al” node.
This first non-radial node can be used to detect the speed of sound with
resonators of snmaller size than previously whilst still maintaining the
resonant frequency within the range of the transducers. Consequently a nore
conpact reson og may be used as a probe for exanple and may be inserted
into existing“g4s pipes or installed into a nore conpact housing for
greater conveni ence whilst still producing accurate results. The resonator
may have an internal radius of substantially 4 cmor less, 3 cmor less, 2
cmor less or preferably substantially 1.5 cmor less to nmake it

conveni ent |y @coqdiig.to kdirst aspebsitthe preadnt ynvenpdier incapparaasdoadeaernvining tike r adi us
of 1.Scmit has been found that the first non-radial nobde occurs in a gas
at around 9 k e&ﬁak‘gd‘ﬁnh%f hd cotdRef the frequency range of acoustic
transducers (20 Hz - 3kHzﬁ?. The use of spherical resonators gives the nost
accurate speed of sqund neasurenents. Because t.he spher.e i symmetrical in
all pl anes thrOughaistxl%s?aé\gﬁﬁx%thg%aﬁlr%sgp?gh T faIpge 8 W&“’SZ ansi on etc can
be relatively easily applied. 4 S. 0? OCT 2002 Additionally, the
acoustic transmitt & agausti¢ Harsmyeer forAPMENg 88 jacouste gigad teithr interiorad dbat or
cavity and hence do not significantly perturb the resonating system In
contrast, usimgomatayl i nder, the acoustic transmtter and receiver affect
the path length and any expansion in the transmtter and receiver nust be

al l owed for as wel hpasousiere@¥iPa ot 8dtedingtthearfiplitudaISr the héou’as sipagnnfigaind
that the relative linear position of the acoustic transmtter and

interior of the resonator; and
control means for determining the speed of sound of a test gas from the
frequency of a detected resonant mode;

wherein the detected resonant mode is a non-radial resonant mode and the

internal radius of the resonator is substantiaily 5cm or less.

According to a further aspect of the present invention a method of determining the
speed of sound of a gas comprises:

applying an acoustic signal to the interior of a substantially spherical
resonator containing a gas the speed of sound of which is to be determined;

detecting the amplitude of the acoustic signal in the interior of the resonator;
and

determining the speed of sound of the gas within the resonator from the

frequency of a detected resonant mode;



receiver is critical in achieving a sharp resonance curve for the first non
radi al resonant node to provide accurate resonant frequency and hence speed
of sound neasurenents. |t has been found that this relative position may be
slightly different for each resonator due to constructional varll a&fitTh&002 To
allow for this the acoustic transmtter and receiver are preferably

nmount abl e to the resonator such that their relative separation is variable.
Their relative positions can then be varied during calibrating to achieve
opti mum peak sharpness. For the first non-radial node, when the resonator
is substantially sphkereipadhe getediedhragonart encreds strion-radiaheesénant modadnd dhei ver
are preferably positioned substantially opposite each other ie

substanti al | y ihfthahradius of die redohalonisgibbtanmglyi 3 ¢tlor thes.ect ed peak. Previously
acoustic transmtters have operated at high voltages, eg 150 V for the
transmtter in the article by MBretz et al nentioned above. However, this
can be 5 Il 0 7 OCT ~00~ potentially hazardous if the resonator is

wor king with hi.ghly conbustible s.eq net hane .or natural. gas. Th

smal | er resona l}?r‘gﬁ?lx?rh‘ései)Pé%%trﬂonl'%a’é’hf%%mﬁ‘fﬁwqﬂ%h BEHEP B ¢ hegu%qﬁi-gﬁﬁuwr e,

| ow vol t age, eg 5 volt transmtter as may be used as a hearing aid speaker
for greater sahaltf thepeevioyslyiised firstyesnnant ragiad madet Hidis fitst pay-reftialanedep e
with reference to the acconpanying drawings in which: Figure 1 is a block
di agram i | | ustaaatbengsetihte detezt ahd spgedr af soundowith reysians b smalstsiee tthan speed
of sound of a gas using a resonator; Figure 2 shows a substantially
spherical resopadigdsly AalistC il RRidSiRthg thelrB@ndSt&Mbndy WihiR tBe SRS g t he
acoustic receiver is nounted to the resonator; Figuré 4 shows how t he
acoustic transmnj [ t he. resaonator. Fi e 0 h

Aol tude of ok ToREf, 5 tobrd coiRe ReSaearlbe st A5t Pk dor

frequenci es; . . . ) . .
example and may be inserted into existing gas pipes or installed into a more

compact housing for greater convenience whilst still producing accurate results.

The resonator may have an internal radius of substantially 4 cm or less, 3 cm or
less, 2 cm or less or preferably substantially 1.5 cm or less to make it conveniently

compact.

For a substantially spherical resonator with a radius of 1.5cm it has been found that
the first non-radial mode occurs in a gas at around 9 kHz which is well within the

frequency range of acoustic transducers (20 Hz - 13kHz).

The use of spherical resonators gives the most accurate speed of sound
measurements. Because the sphere is symmetrical in all planes through its centre,

corrections due to thermal expansion etc can be relatively easily applied.
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Figure 6 illustrates how a clock signal is used to produce pulse wdth
modul at ed signals which are conbined to produce an approxination to a sine
‘wave; 6 a ?"OCT 2002 Figure 7 shows an el ectronic system togp -Fqngthe
operation illustrated in Figure 6, Figure 8 shows a voltage contro
oscillator to supply the clock signal to the system shown in Figure 6;
Figure 9 shows a sequence of operations to determ ne the resonant
frequency; Figure 10 shows the connections to a processing nmeans to

det er mi ne res enc 1 shows a .net ho ng for
the finite ha P&aﬁ%q‘ﬁ éﬂSE‘F ggnsxgg{’] CERIVEE; G3H 0g HOS“I?PF‘E/OH{T‘%%& ronic
circuit 1 which may include or be in the formof a m croprocessor

arranged to preseuder eavatyranddicded deinghsignifigantlyapertire s wsonatipe Sk‘ﬁtem In
frequencies to drive a | oudspeaker 2. The | oudspeaker is arranged to apply

an acoustic sicomadst,tiirighe dylihéeri oie afouatic emanniter add rdteiverpiffeciethe path
arranged to pick up the magnitude of the acoustic signal wthin the

resonat or. TheeshORR ady e4Bahtien gh%é)ﬂ'gl‘?d?ﬁtthrsaﬁd Hc@i'i;@xdm%&dbé‘ﬂlmwgd' fof aQy an

appropriate elecCtronic circuit and a processing nmeans 6 determ nes the
resonant freq reI atin s wthin the resonator to determ ne
its speed of lsd‘geé}r%t SRe? ?Sé@b?ﬁ{’%?yg%aﬁovm in Figure 2 is in this case a
rigid sphere. The illustrated ~ 7 O CT 2002 resonator is fornmed fromtwo
CNC (conputer nunerically controlled) nmachined netal hem spheres 31,32, in
this case nade of copper, of internal radius |.5cmand 3nmwal |l thickness

wel ded t oget hdtr hasobefen rfourich thas ireeretativé Hmeappositsonobf therdcopdiier temsiditie8 2and uppor t
the | oudspeaker 2 and mi crophone 4 respectively which when the hen spheres

are joined as rgdefh id Brifidal4h %cl?ieﬁ'h? 5 HH 38ohadeYoul®D fGHPRE tirktOndy Eh‘did]'e the
| ar gest anplitude m crophone signal. The resonator is provided with a

number of gas diffysion Bﬂ?rgglggsacaﬁ'ate%éo\ﬁa&nﬁeq% ency and hence speed of sound

measurements. It has been found that this relative position may be slightly different
for each resonator due to constructional variations. To allow for this the acoustic
transmitter and receiver are preferably mountable to the resonator such that their
relative separation is variable. Their relative positions can then be varied during

calibrating to achieve optimum peak sharpness.

For the first non-radial mode, when the resonator is substantially spherically
shaped, the acoustic transmitter and receiver are preferably positioned substantially
opposite each other ie substantially 180° apart for the largest amplitude detected

peak.

Previously acoustic transmitters have operated at high voltages, eg 150 V for the

transmitter in the article by M.Bretz et al mentioned above. However, this can be

5



which is shown in Figure 2, to enable gas to diffuse in and out of the
resonator 3. Each hem sphere 31, 32 is preferably provided with four gas
'di ffusi on passages 33 positioned 90 apart. Gas diffusion pasia}gsé 33 are
preferably drilled through the resonator housing and any swaMf to
present a regul ar repeatable surface to the inside of the resonator.
Alternatively the resonating sphere could be made from a porous nateri al
such as a sintered material. Gas diffusion holes 33 shown in the copper
resonating sp : A9H. : i Gl I

reduce pertur%g{eﬁgﬂisylﬁn tr?gs r?fe%ﬁégﬁ?ét?fgﬁ%gg%ﬁ&lw gh F}ﬁ% holsggle%.g eghe
porous material .used woul referably have a l.ower thernmal.expansion . .than
copper, reduc in}ueéhatnﬁ &g tgg‘%?f l&eosp?aé%{ e (ﬁg i%?ee‘H N Ve DY %Jr.llb% Lrllsefi he
size of the resonator with ambient tenperature changes. 8 0.7 D CT 2002
The | oudspeak&fitha méniatyre, kgvs veliage, eg Hrivalt HeRFraitipTasaaPekased 38 2 hggrngedidsed in
a hearing aid with a supply voltage of SV and a power |evel of

appr oxi mat el y spikeY fondreatee saferyr ophone 4 is a sub-m ni ature m crophone.
Figure 3 shows how the m crophone 4 is nmounted to the resonator 3. The
resonator is provided with a passage 41 of approximately |.5nmm di aneter
which is preferably drilled and any swarf renoved. A cylindrical spindle 42

is mounted toQr forned as ,part of. t.he .qutside.of the resan r (o IS

ar r anged concé[‘ri‘ﬁ'i"c‘,“éﬁrqeoyfl Wi flﬁscph%é)&éri@égbey Xy h &R ﬁd\vgﬁﬁ%}e@c%?@f teanl y
approximately |Omin Ilength and has an inner diameter sufficient to
accormodat e t RECOmRanyImgsEavmes Inwhigh's case approxi mately Smm The position
of the m crophone 4 within the spindle is variable along its length so that
it may be positioned at the optinmum point at which the sharpest out put
signal peak is produced, when the | oudspeaker applies the resonant

frequency to tFgiré @390Bl0Rk dia%?eﬁn MushRRRAAE o derhls opR SIS adlysteieto idakiliem
position within the spindle 42 using g%ﬁesi ve 43@The adhesive is

preferably pr i nator cavity as it could dry in
i rregul ar shagl\éeggb\tﬁgcfgﬁgoﬁrla%%gggégeﬁ%’egﬁ;{]%%@fogbns in the resonant frequency.

The m crophone 4 is preferably provided with a rim45, the outside dianeter
of which is substantially the sane as the inside dianmeter of the spindle 42

to prevent any adhesive entering the _
Figure 2 shows a substantially spherical resonator that can be used in the system;

Figure 3 shows how the acoustic receiver is mounted to the resonator;

Figure 4 shows how the acoustic transmitter 1s mounted to the resonator;

Figure 5 shows the amplitude of a signal detected by the acoustic receiver over a

range of frequencies;

Figure 6 iilustrates how a clock signal is used to produce pulse width modulated

signals which are combined to produce an approximation to a sine wave;
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resenator. Alternatively the mcrophone 4 could fit tightly in the spindle
42. The mi crophone 4 is connected to the driving electronics 1 by an

‘el ectrical cofinection 46. 9 Q 7 O CT 2002 The | oudspeaker 2 ¥, b
mounted in the same manner as the m crophone 4 shown in Fi gur@‘g,B EUMS in
this exanple fixed at a particular distance fromthe inside of the
resonator as shown in Figure 4. In Figure 4 a spindle 21 of approxi mately
2mm length is nounted to or fornmed as part of the outside wall of the
resonator 3 and a |.5mm passage 22 drilled through the spindle 21 and the
resonator wall with any swarf renoved. The | oudspeaker 2 is nounted to the
out si de of thegSRi I . i
secur ed fo thet Barnan R Spn iRt EEhE SR (RSRRRTE Loerdidf I ARRIRER L 8, o\
passage 22 and is electrically connected to filtering and anplifying
electronics 5 by electrical connection 23. The position of both the

m crophone and_| oudspeaker may be variable to attain the sharpest output
peak or alt er nkighteeBshews hevoltape contenilsgrasadlator to supEp dlak elockwignak tq itheed
with the position of the other being variable. Because of slight variations
i n each resonasystegn shpvaria Riglge 50 machi ni ng tol erances for exanpl e produci ng
different effective radii, each resonator is calibrated individually using
t he expressi ong;.G= 2 Fadde i hog.at ed using
a gas of knownFlggreefegél51(?12“g saosﬁﬁucf nf%@gﬁdﬁﬁgﬁy ng @ﬂ%gf#%tgéel}ah%gﬂeh%r

predi cting gas characteristics such as GASVLE or by neasurenent using sone
sui tabl e nethod. The resonant frequency (f) is then neasured for the gas of

known speed of _sound in the resonator being calibrated and
Figure 10 shows the connections to a processing means to determine resonant

frequency; and
Figure 11 shows a method of aliowing for the finite hardware response time.

As shown by Figure 1, driving electronic circuit 1 which may include or be in the
form of a microprocessor 1s arranged to produce a sinusoidal signal over a suitable
range of frequencies to drive a loudspeaker 2. The loudspeaker is arranged to apply
an acoustic signal to the interior of a resonator 3. Microphone 4 is arranged to pick
up the magnitude of the acoustic signal within the resonator. The signal from the
microphone is filtered and amplified by an appropriate electronic circuit 5 and a
processing means 6 determines the resonant frequency relating to the gas within the

resonator to determine its speed of sound.

The resonator 3 shown in Figure 2 is in this case a rigid sphere. The illustrated

7



t he constant K found. Using the calibrated resonator together with its
associ ated constant K allows the speed of sound to be determ ned for any
gas fromthe neasured resonant frequency. This gives accuracie f about
0.1% By conpensating for variation in anbient tenperature affiéfpﬁ@

vol une of the resonator, the speed of sound of a gas may be determined to
even better accuracies of about 0.05% The | oudspeaker is driven by an

el ectronic circuit 1 shown diagrammatically in Figure 1 to provide

si nusoi dal si I i :

frequency of ? E%hgﬁo?gstefoﬁgﬁé f ag‘lp g’P&)rCeIﬁsgggﬁrgéﬁ%lteggng?&pﬁgagggg@f‘gé&gm%he
| oudspeaker is driven in fr ency. sweeps. The m crgphon ovi des an
out put vol t agdneHicaHsnhsres ﬁfggr‘édr\{’érﬁ:&s%ﬁ’ﬁ@q ?{]@@P%B F@’é‘ﬁgﬁgé‘%ltﬁmtﬁ@
frequency at which the | oudspeaker is currently being driven as shown

gr aphi cal |y i B gatlghiSkiss welded roglethed &l faym dheesphereel ect roni cs. The
frequency at which the m crophone produces the | argest output voltage is

determ ned to be the non-radial resonant frequency which in Figure 5 is
8860 Hz at 20C. m 0O ? O CT 2002 The generation of approxinmations to sine

oS v S ARl SR RIS 10

in Figures 6 an C m cr opr ocessor 110
on line 111 froma.volt control | ed. oscillator.. An ui t abl

i cropr ocessor’esﬁ’ﬁé“ﬁg' ﬁ’il‘g’g g’ﬁf:‘h ﬂ%?sl’smﬁp %"E?liarq—!l%ﬁefé 85‘1"6‘.‘ n:rhtggure 2 are

m croprocessor 110 processes the input clock signal 101 fromline 111 to
produce pul se sWpsiamtialy d80° apast to owide sheylargest ampirudeosiczaphion®gigeown in
Figure 6, each of the sane frequency on lines 112,113 and | 14 respectively.

The PWM signals 102, 103, 104 are conbi ned together using a weighted
sunmmi ng arrangenent, in this case consisting of resistors 115, 116,117 to

produce the apmeQXdoiibl AréAd@ witha M@tYiif'ler ‘62 §%Tée &‘i?fru%iéaﬁ gagégéesam F?ﬁlsj gridon to

a sine wave 105 shown in Figure 6 has the ncy as the 'PWM si gnal s
102,103 ) 104 whi,ch each.have fixed duty cycl. ergentage tinme on.to
percent age ti r‘r”\ém%hf lfs)s“ﬁﬂ‘{n tlrh? Eguéex%l Iegggﬁéﬁs %’y‘iﬁﬁis‘%ﬁ afnﬁeoug yﬁﬁﬁerg Y gor 3
approxi mation _to a sine wave 105 ) _ o
Each hemisphere 31, 32 is preferably provided with four gas diffusion passages 33
positioned 90° apart. Gas diffusion passages 33 are preferably drilled through the

resonator housing and any swarf removed to present a regular repeatable surface to

the inside of the resonator.

Alternatively the resonating sphere could be made from a porous material such as a
sintered material. Gas diffusion holes 33 shown in the copper resonating sphere of
figure 2 would then not be required and so would reduce perturbations in the
resonant frequency due to the holes 33. The porous material used would preferably
have a lower thermal expansion than copper, reducing the amount of correction

required for variation in the size of the resonator with ambient temperature changes.



corresponds to sixteen cycles of the clock signal 101, but could be eight
or thirty two or any other suitable anount. The rising 121 and falling 122
‘edges of PWM signal 102 are triggered by the conpletion of 'ﬁ@?l@ﬂm l,}Iand
tenth cycles of the clock signal 101 respectively. The risi arrd
falling | 32 edges of PWM signal 103 are triggered by the conpletion of the
fourth and twelfth cycles of the clock signal 101 respectively. The rising
141 and falling 142 edges of PWM signal 104 are 12 ? OCT 2011 triggered
by the conpletion of the second .and feourteenth cycles of the clock signal
101 Fespacti vahs owksesikes 3 Bheh 45 Hars S Tomiangs laidieer 2 MAc BRsace
through a weighting resistor 115,116, 117 respectively. The ratio of the
val ues of reshearmggid with asepply ¥oltagectideand apeoverdevdl of peryoximatelaBIm¥ ne
wave approximation which in this case is resistor 115 being 51 kS2,
resistor 116 bed thg ndbroieheatid ars@binsihiaturd iicrbpticig. 51 kS2. To produce an
approximation to a sine wave from PWM square waves it is desirable to
maintain the first harnonic whil st suppressing the third, fifth, seventh

etc harnmonics. Using the above nmethod as illustrated in Figure 6 the third
and fifth harpgonics .are essentially repoved apart. fromso esi dual

effects due t '5”@%? Shogys hoy '@*Fé‘?f&ré)§¥°'r% {SHEOW%@(Q%@ %{WEqrgF i'l{heirgsogﬁgg saged
that the sine wave generating apparatus will be used to generate sine waves

in the range &F pRvalad, with gkpassags 4l i ofe appreximatels pbarer dargeter tyhuch is
transmtted signal fromthe | oudspeaker detected by the m crophone 4. Wen
used in this pefrebly idndled ane anhswand randreedgwe oy lifdicabspindle 42 és medntedtb t o

| evel s such that no further filtering or conditioning should be needed to

renmove the ef begdmed |a§ leﬁ{f@fthélbﬁﬁme%?tl%i fa¢shatd? @nd isfﬁﬁﬁ'?éd EshcehBLAly wWide t O
|

t hese harnoni cs should |ie outside the band-pass mts of the m crophone.

I f the apparat;uys, | §ﬁd ng 'Hg v : “ I t he
ef fect of therﬂ&sée‘?/aénigﬁ ahdf%u%Zeq{agzﬁs g’grm%n' Caz)ﬁxéogﬁjxp%tglérgf()r enﬁ\ag% aid

i mini sh I O . . I Cdih

e b Oes ki Heidhe 6Ll e SRctsphone £ A G

approximately Smm. The position of the microphone 4 within the spindle is
variable along its length so that it may be positioned at the optimum point at which
the sharpest output signal peak is produced, when the loudspeaker applies the
resonant frequency to the resonator. The microphone 4 is secured at the optimum
position within the spindle 42 using adhesive 43. The adhesive is preferably
prevented from entering the resonator cavity as it could dry in irregular shapes
which may cause perturbations in the resonant frequency. The microphone 4 is
preferably provided with a rim 45, the outside diameter of which is substantially the
same as the inside diameter of the spindie 42 to prevent any adhesive entering the
resonator. Alternatively the microphone 4 could fit tightly in the spindle 42. The

microphone 4 is connected to the driving electronics 1 by an electrical connection

46.



? 0~ CT 200Q approxi mation to a sine wave. The output from each resistor

, 115,116, 117 is combined at conmon line 118 to produce the approximation to
"a sine wave |05 shown in Figure 6. The signal 105 is | ow pass filtered by
capacitor 119 connected between conmon line 118 and earth ang%i ehgpct ed
at connection point 120. Figure 8 shows a voltage controlled oscillator |60
whi ch produces an oscillating output at 161, the frequency of which is
dependent upon the voltage of a driving signal applied at input 162.
However any devi ce the output frequency of which is dependent upon the

anal ogue value of an input is suitable. The present exanple of the

i nvention use%, nal og Devi es AD654 voltage to frequencg converter. The
AD654' s Dbl ock ap%ﬁ wﬁa!a?fpe@% Fﬁlqﬂmjdmthe SAaAE wAnBer 3s|the HIFEPRIong A ghown
anplifier 163 serves as the input stage; its purpose is to convert and

scal e the i npir Figute Zidmt s§ gnthis éxampleofizeddatiamardentaradistanca fiom vhe weide @fit i s
delivered to current to frequency converter 165 (an astable nultivibrator).
The out put of tieaesmaioshs dwiCiaRigatd. transi stor 164. In the connection
schene of Figure 8, the input anplifier 163 presents a very high (250 MS2)
i npedance to the input voltage at 162, which is converted into the
appropriate drive current by the scaling resistor 167 at Pin 3. In this

Py of %Egga&p? S5SPIRAIR Thof PrEmalsTi A ISPet as oAt i r Biins s

connection point 12U shown in Figure 7 cannot always be accurately assuned
from the vol t pag obthetdusidy wall of thsi ngseriatan Bpdnded].Amm pgssage122drledthrough Fi gur e
8 due to variations in tenperature and the performance of electrical

conponent s f okhecspititid 21 afdiiRadstator wallneithuey Spiroeaseed. The lomipaken2 be
connected to any of lines 112,113 or 114 carrying P WM signals 102, 103 and

104 respecti vel ynoatdah il Q;utél&e ot Al %ﬁﬁ%%cxo%ﬁghﬁleob‘&% 22. The
approxi mation to a sine wave as describ
loudspeaker is secured to the spindle 21 using adhesive, ensuring that no adhesive

enters passage 22 and is electrically connected to filtering and amplifying

electronics 5 by electrical connection 23.

The position of both the microphone and loudspeaker may be variable to attain the
sharpest output peak or alternatively either the microphone or loudspeaker may be

fixed with the position of the other being variable.

Because of slight variations in each resonating sphere due to machining tolerances
for example producing different effective radii, each resonator is calibrated

individually using the expression:

c=fxK
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| ater. The m croprocessor counts the nunber of cycles of the selected PW
signal over a given period of time such as one second. The actual out put
‘frequency of the sine wave can then be accurately determ ned. The

m croprocessor 110 counts the nunber of cycles of a PWM signag 733 g, 104
rather than the cycles of the approximation to a sine wave 105 over a given
period of tinme as the PWM signals have nore precisely defined, clear on/off
states which are easier to count providing better results. AIternativer
the m croprocessor 110 could count the nunber of cycles of the clock signal
| 01 over a given period of time and fromthis determ ne the sine wave
frequency by dividing by the nunber of clock signal cycles required to
produce each MaRh sisgRpier ie gelitsated gsing g gas of kpvowend efesonad () dpyndgysing 2
additionally the m croprocessor nay neasure the tinme taken to produce a

pr edet er m ned comper mbdet! fockpeyicties gt Maldcryictias siwhd a§ rGASVIUES ofabygul at e
the frequency of the approxi mation to a sine wave. As the oscill ator 160

produces an 0%labl@hbld Sl Hmebliind ﬁl@%h.nue@ee@{aggggﬁuéans , sine

waves nmay be gener at a cont i nuous range o cl es a

vari abl e frequen ener at,i C ator which i

avai | abl e, sn&?qas'}/rf‘gﬂgaherﬁﬁsf %"g‘yﬁﬁ?e)?d&’?g%ﬁaﬂ? Fpesreiﬂ“ﬁtobt’%@% F%lbﬁtﬁg% m or
4.90mm x 3.91mm x 2.39mMmin 8-Pin SO C formfor the AD 654), cheap device
in conj unct i ofhewanstaat ki opngdr dsingsthe celibrpied deronatap (estFwit drssasseriated ne
wave enabl es the production of a device which is able to generate

appr oxi mat i onsomnsars i K allos ébe ovmaed afconhd el e sdetamgred ofor fang @ae rfoine shand
which is conpact and so nay be nounted on a conpact probe for exanple or in

a conpact hougpidiSured REéhadt nFr@du@ﬁHvOC"?§1§0§1vb§ Aaenaciad |of esamtoqu/ol n pRny
probes or eIectronlc systens for other purposes the only additional” space

that Ts reaul LodobRaRE OUCEARBLOH IRDERN B R SABIES R Bl G NUOUS

range of frequen Fes i e Cco P T guency square wave
generating OSC|IIator The o C|Ila or need not be a voltage controlled
oscillator bufespayobdhesmpedialiauad of p gayEaY bp deisppingd ko %‘ieg%aitervacswaees
conti nuous range of frequencies.

of about 0.05%.

The loudspeaker is driven by an electronic circuit 1 shown diagrammatically in
Figure 1 to provide sinusoidal signals over a frequency range suitable to encompass
the frequency of the first non-radial resonance peak of the resonator 3. The
loudspeaker is driven in frequency sweeps. The microphone provides an output
voltage, which is filtered and amplified, corresponding to the frequency at which
the loudspeaker is currently being driven as shown graphically in Figure 5 with a
small delay due to electronics. The frequency at which the microphone produces
the largest output voltage 1s determined to be the non-radial resonant frequency

which in Figure 5 is 8860 Hz at 20°C.
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16 - 0 7 D CT 2002 The approximation to a sine wave need not be generated
fromthree PWM signals but could be generated fromany suitable nunber
dependi ng upon the required | evel of the approximation to a sine wave.

Furt hernore each cycle of the sine wave need not correspond toJsl BCEem?

cl ock cycles but could be eight, thirty two or any suitable nunber. To

qui ckly and accurately determ ne the resonant frequency (the frequency at
whi ch the anplitude of the signal produced by the m crophone is a nmaxi num
an initial fa f ep hi 10-

steps) over t?\]te f?%%ﬁ%ﬁé‘ &e%g’?%r?ﬁ&% ¢h S ?’hg%gggé)r?gﬁ%e ('sr(r):altﬂ;lﬁﬁ(‘?us Qmﬂ:gg, g’%om
by S1in Figure 9. A _control ans such as a mcroprocessor identifies a
nar r owner freqﬁ%ﬁ&?ﬂcr‘eéﬁﬁg SﬁP‘Pqﬁirbﬁ ™e initial coarse frequency sweep in which
a maxi mum occurs. A further frequency sweep S2 is made with small er
frequency steps (in this case 1 Hz) within this identified narrower
frequency range to accurately determne the frequency at which the maxi mum

occurs, i dent iAsshowntih idui@MIATICY, aflodkasRANCEIs dgplibdic DRidsré€eseOMbionat i on
of coarse then fine frequency sweeps over a narrower frequency range, an

accurate val ug,qfneting ffd?ﬁg%ﬂﬁ Jé,ﬁf}iﬁé}f:yscﬂ’ﬁ%(oxbe%hﬁ{%% e ?F&Ea@s‘%‘ij nfrag{: essor

exarrpl e in a fracti on (0] sec contr suc m Ccr opr

nmay average S bse detect ed val ues, S3 to re e error due to
noi se. The fr 531‘ PHZ %&@68239%%9 e TIGEOPIRECISPFri E@Broﬁssteﬁ

i ndi cate the frequency of the generated sine wave driving the |oudspeaker 2
at m ~ T ocmpy@ookesignahl Ok fromhdine di &rtei meducorpudse witth mosivlsest (R ency
will now be explained in detail. A mcroprocessor, which in this case is

the m croproceighals 102010demdrliobatowalih iRigurals, elichabSte game frdgaendyhen i

signals, is used to performan algorithmto deternmne the resonant

frequency of tihe,199%nd 1 feshRBvEISS TRAIDIM |sitaf26021 1031804 are combined
together using a weighted summing arrangement, in this case consisting of resistors
115,116,117 to produce the approximation to a sine wave on line 118. The
approximation to a sine wave 105 shown in Figure 6 has the same frequency as the

PWM signals 102,103,104 which each have fixed duty cycles (percentage time on

to percentage time off).

In this example each cycle of the synthesised approximation to a sine wave 105
corresponds to sixteen cycles of the clock signal 101, but could be eight or thirty
two or any other suitable amount. The rising 121 and falling 122 edges of PWM
signal 102 are triggered by the completion of the sixth and tenth cycles of the clock
signal 101 respectively. The rising 131 and falling 132 edges of PWM signal 103
are triggered by the completion of the fourth and twelfth cycles of the clock signal

101 respectively. The rising 141 and falling 142 edges of PWM signal 104 are

12



m croprocessor 110 a PC could be used with an appropriate plug-in data
acquisition card. To determ ne the resonant frequency, as shown in Figure
"10, the microprocessor 110 has an anal ogue output 201, a digital input 202
and an anal ogue input 203. The anal ogue output 201 is conneci gty pmpput
162 of voltage to frequency convertor 160 shown in Figure 8, to control the
frequency applied to | oudspeaker 2. In this case the anal ogue output 201
consists of two outputs (not shown), both of which are connected to input
162 of voltage.to frequency converter 160Q. One output controls the coarse
frequency swedfR%Hd l}yﬂge B2 %'F“%Hhhél%cqnﬁémfi iforarteep@fyelse pf Seedeck sgnah of
the two outputs is passed through a digital to anal ogue converter, which in
this case i s PPbvdspestively. t he mi croprocessor 110 itself, and an appropriate
resistor to provide the required | evel of resolution. In this case the 18

p 7 0 CT 200Q resistor for the coarse frequency control is 36kS2 and the
resistor for the fine frequency control is 2.2M52. As expl ained earlier,

| oudspearer canmtt EVESEREE TEACT b1 BLOR RN BitRRe VERRRENUNET "

driving signal al ogue .out put 201 due to fenperatuyre vari.ations and
t he perfornanéég’if&}e]aperéfﬂe E‘éﬁly'ctﬁepﬁﬂgﬁ% g’ef"é}“eé?%ﬁﬁng@.rs u]sléoﬂgl ‘Bf’f“{sﬁ% PVWM
signals ( 02,103. 104 which are each at the sane frequency as the

appr oxi mat i ontq giva the brst oxerall sine wWawe appreximatigs pdutein thisorase freregisoe k1S gnal
101, is applied at digital input 202 for the m croprocessor 110 to

cal cul at e t hebéihg§u&Oy; yeszfortihe baipp e Mahd eRiste@ 127 being Sv&e 105 as
described earlier. The anal ogue input 203 represents the anplitude of the
signal being received by the mcrophone and is connected to m croprocessor
110 via an external analogue to digital converter. The process of |ocating

t he resonant equency is one. of. identifying t fr ncy at _which .t he
anal ogue i npuzﬂ’Z%?g'ilcsﬁyg’ ABROHITAUORAE 1S eé"gv %9*5%@(1%?{8 VEYSnA
frequency can be broken down into four stages. The first three stages S 1,
S2, S3 each i Hesiable terpapinghe fiest hatraepe abelst supprpsEing thet thirdelifttrserenth t he
resonance. \VWen the resonance has been | ocated, the

etc harmonics. Using the above method as illustrated in Figure 6 the third and fifth

harmonics are essentially removed apart from some residual effects due to resistor
tolerances. In the present example it is envisaged that the sine wave generating
apparatus will be used to generate sine waves in the range of 7.5kHz-11.8kHz to
drive the loudspeaker 2 and the transmitted signal from the loudspeaker detected by
the microphone 4. When used in this manner the seventh and subsequent harmonics
are reduced to levels such that no further filtering or conditioning should be needed
to remove the effect of these harmonics since the transmitted signal due to these
harmonics should lie outside the band-pass limits of the microphone. If the
apparatus is used to generate sine waves at lower frequencies, the effect of the
seventh and subsequent harmonics could be removed or diminished by low pass

filtering or using more pulse width modulated signals to produce a better

13



final stage S4 neasures the resonant frequency. 19 ~ 7 OCT 2~2 The first
stage S 1 is a fast scan through the perm ssible range of frequencies

t aki ng about ‘0ne readi ng of the anal ogue input 203 for each step of the
anal ogue out put voltage 201. The perm ssible range of frequem@igLsT 2002
selected to restrict the scan to those frequencies at which the non-radi al
resonance shoul d occur for the expected conbination of gas conposition,
tenperature and pressure. The |imts of the perm ssible range are inposed
to reduce the tinme taken to |l ocate the resonant ,frequency and also to
reduce the ri%@RIBIMARILOANSGHAErwant ed resonant peak. Although the exact
rel ati onship between the control voltage fromthe anal ogue output 201 and
the m crophone frequency is not known, it can be approximated sufficiently
weal to be used to set the frequency Iimts of the perm ssible range within

which to searie Gweput femr &sBNRGE: 115,116)€1Pies&HbineX afMbéramioh irer EBURNCY
range is 7.SkHz to 1 |.8Khz (4.3 kHz) wth a frequency scan rate of 86

kHz/ second a ' | i ; : :

produci ng a {Bg?glfcg]éﬁé @%E@G%aggg%hdoﬁge g/g%rf%megssq%%gelgg%ﬁcﬁ !r,etﬁ(?%g&ﬁ EF(BJQ ocat e

t he resonance frequenc he proce r is arranged to | ook f a peak in the
anpl i t ude of qﬁwﬁé’gﬁgﬂe’}éfi%’%‘?ﬁ@‘wi?gﬁﬂmteg’[bq iﬁﬁ\tcogg@onalfme ﬂﬁeﬁ“‘g%ﬁ‘rtai n

t he frequency control voltage that was being used at the tinme. To allow for
the finite tiandisdetedied dwaneectigk point d2¢r oduce a change in the anplitude of

the signal fromthe mcrophone at input 203 as a result of a change in the
frequency control voltage at output 201, the fast scan of the first stage S
1 involves a 20 0 ? OCT 2002 first scan up through the range of anal ogue

out put volt agﬁ?ux@%ls@dws 2 veRERGnBo Rl ]géﬁmlat&h'iwg)ﬂicﬂ\ oRREE ah 3G Rarf

anal ogue out put voltages. Cearly the first scan coul'd alternatively be
down through the.r f anal ogue. out put .vol tages and t he segond. scan
coul d be up t%}%ﬁégqg ﬁ’etgf’ ﬁeag@nc&hoinw@glg%g%néﬁg uPﬂ‘érd'fer ﬂﬁé’ﬁc?@a (ﬁlwmg

signal applied at input 162. However any device the output frequency of which is

dependent upon the analogue value of an input is suitable.

The present example of the invention uses an Analog Devices AD654 voltage to
frequency converter. The AD654's block diagram appears in Figure 8. A versatile
operational amplifier 163 serves as the input stage; its purpose is to convert and
scale the input voltage signal 162 to a drive current. A drive current is delivered to
current to frequency converter 165 (an astable multivibrator).  The output of

converter 165 controls transistor 164.

In the connection scheme of Figure 8, the input amplifier 163 presents a very high
(250 MQ) impedance to the input voltage at 162, which is converted into the

appropriate drive cwrrent by the scaling resistor 167 at Pin 3. In this example

14



control voltage 201 being applied when the peak is detected will be, due to
.the response tine, slightly higher than the voltage that caused the peak to
occur. When scanning down, the frequency control voltage 201 will be
slightly I ower than the peak voltage. Assum ng that the resp?)msm;'t 2002 i s
the sanme for both scan directions, the average of the two voltages wll
give the true voltage at the resonance. A second nethod of allow ng for the
finite response tinme of the hardware is shown in Fig.11 in conjunction with
t he above nethod of first, and oQd scans in opposite directions. The
second met hodrmsé%}@?tk%%ﬁgga(ﬁue for the response time T to natch the
peak 301 of the received m crophone data values Mto the frequency control
vol tage V which, according to the estimated response tinme T and the
characteristic of the frequency control voltage with tinme 302, produced
that m cr ophoMbe déqmendl U tiks approwimdriont ke absiplkewatd pRRIuci3 at nhd-iogtpue | 1.
Consequently the m crophone continues to collect data for a tinme after the

frequency Con%&lectl@{ éﬁgﬁﬁfﬁh@@n il Picahed c&ﬁ'ﬁpgliv‘f&%ﬁ&aéch%l% assutteld fropgcond

met hod enabl es pea l'ie near to the end of "the scan Timts such as
peak 301 in the u rd.scan.of freguen contral. voltage 302 in, Figure 11
to be found whi% ‘W‘%ﬁ to,t;Zhecgqulgms]ggﬂmeﬁﬁdcagdB]ﬁ n@d%ﬁWﬁ@Wﬁe%ﬂug%
synchroni sed to the scanning of the 21 a 07 0 CT 2002 frequency control
vol tage 302 wyan#ionsie Fawsramresayl the peridrmandengf edechcgp seswonente as
accurate, the values X, Y found for the voltages producing the resonant peak

i n each of thexamplan€odeamerghyathe miordptiodessoed0trhay ilbebs aomnecteldweary of as
shown in Figure 11, the estimted value nmay be slightly inaccurate in which

case the up amged oM Mab e @afrrymggpwoeu@wmem &ld yod Fe@?é%ti%lgwlh@h
Il theé age

slightly different and w n be averaged. The second s 2 uses the

scanning et gl 8lud N kb3t A9 SHEEP LB Ao IBL LA T EAUaREKLE N0

identified in ge-“as con e resonan e Second
stage uses the value for the frequency control voltage at r nce
obt ai ned by t fR4er ifﬁgfm%r%r@%esa‘g coHla's db8, s ticyelg of e seesied B rB8ifkncy
scan range. In this exanple the frequency scan range of the second stage is
150. 5Hz over a given period of time such as one second. The actual output frequency of the
sine wave can then be accurately determined. The microprocessor 110 counts the
number of cycles of a PWM signal 102,103,104 rather than the cycles of the
approximation to a sine wave 105 over a given period of time as the PWM signals

have more precisely defined, clear on/off states which are easier to count providing

better results.

Altematively the microprocessor 110 could count the number of cycles of the clock
signal 101 over a given period of time and from this determine the sine wave
frequency by dividing by the number of clock signal cycies required to produce

each PWM signal cycle.
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However the result of the first scan may be too close to one of the end
limts of the frequency control voltage range for the second stage to be
able to use it as a centerpoint. In this case the scan of the second stage
wi || be anchored at the appropriate end linmt of the frequency TcO0Tr 2802

vol tage range. The frequency control voltage step size is also different
for the second stage. For speed, the first stage does not use the full
frequency control voltage resolution whereas the second stage does to

produce a nore precise resgnance frequency val ue. 22 I 7. D 2(1Q2 The
second stage 51@8“‘8%@ o %quWﬁYé{“’e FrOpIRSFRSY BRY |TBEAIUISAR dimG %ﬁﬂéﬁcy

with tinme. In this case 2. 15kHz/ second rather than 86. OkHvsecond used in
the first stageduce atpredeterrungd sumher off dodphhes salPIM mycleataad dfom Hkissecond
stage is also | ower at 25,000 sanpl es/second producing a total of 1800

m crophone sagglgidte tHdfeduedy ofik dprogintibAtdeind'%iah@ the third stage S3
whi ch uses a further scan which averages the m crophone data and hence
produces a dependable result. Like the second stage, this stage uses the
result obtained by the preceding scan as its centerpoint. If the result of
t he second scag IS to_(i) cl 058 to.an end |jm.t of the. requencg control

vol t age range “rothe9seillator 140 sraducesan; oseillating, signplowith @ Fentiuous rauge &f noi nt |
the third scan could be anchored at an appropriate end limt of its
frequency contiiegrengisiss simpewaves qray beogenenared wither entinueifs rangesffigiuencissage i s
sl ower and nore nethodi cal than the scans of previous stages. Hence, it
covers a range of fewer frequency control voltage val ues, generally 24 or
|l ess, and in this case 21. For each val ue the anal ogue out put 201 is set

and then the gty bieeifrécﬁteﬁ(% ?cﬁl}alréewfa% g e@ﬁméggskhliaﬁ)?%ﬁa? is rr% '?eardhgs case

5 mlliseconds. Wen the set me has~el aps a given nunber o
sanpl es of the m crophone tage are taken,_in this .case 20 d summed.
This process iagm’ag[’fezﬂr@g’ {%?l‘@ﬁgﬁ ?ﬁZﬁlﬁbﬁc‘&SZ@m r“bIS'R)BIR%QSé‘@ 9&?3%"%% t he
peak val ue ascertained. This is the resonant frequen% control voltage
val ue. The fi Ad0mme¥3:H mmxge3Bamds fplin S CrHorml faighe AP §34dgheancdevige he
resonant val ue and 23
conjunction with a microprocessor to produce approximations to a sine wave
enables the production of a device which is able to generate approximations to sine
waves over a continuous range of frequencies and which is compact and so may be
mounted on a compact probe for exampie or in a compact housing. Since a
microprocessor is generally employed in many probes or electronic systems for
other purposes, the only additional space that is required to produce approximations

to sine waves over a continuous range of frequencies is that for the compact

variable frequency square wave generating oscillator.

The oscillator need not be a voltage controlled oscillator but may be any device

arranged to supply a signal with a continuous range of frequencies.
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~ ?'0 CT 2002 neasuring the frequency of the signal driving the | oudspeaker
.2 using a PWM,signal 102,103,104 or clock signal I O1 supplied to the
digital input 202. 24 0 ? 0 CT 2002 CLAIMS 1. An appar at us f'f)QCT 2002
determ ning the speed of sound of a gas conprising: a substargtl M1y
spherical resonator for containing gas to be tested; an acoustic
transmtter for applying an acoustic signal to the interior of the
resonator; an acoustic receiver for detecting the anplitude of the acoustic
signal in the_ interior of the resonator; and control neans for determning
the speed of J$beapProkimatigndo wisie wavensed agobraganeratedofiom Hiareg PR Metignplof a
detected resonant node; wherein the detected resonant node is a non-radial

resonant madebanmbuidise genteunsdafrorn anly sttable nuher épendihg nporsths uhmiradteval |y 5
cmor |less. 2. An apparatus according to claim1, wherein the resonator has

an internal rgflindspploxitRindbtlsile \Va\épﬁﬁxﬁ{enhgﬁ%afﬁ’cydg@oﬁﬁ@@h@%%e ae&pr di ng

to claim2, wherein the resonator has an iInternal radius of substantially

3cmor less. 4 n_a ratys. accoy di tq claim3 erein the resonator
has an int er & ‘Q’gﬁff@%&? Sg‘ueﬁgtcg% icgq?@b‘gé’ﬂ? rbeleé%@’\.,mli@etwogr?nbsﬁ%% D2 S.
An apparatus according to claim4, wherein the resonator has an internal

radi us of subBvY@AeL ally I .5cmor less. 6. An apparatus according to any of
t he preceding clains, wherein the acoustic

To quickly and accurately determine the resonant frequency (the frequency at
which the amplitude of the signal produced by the microphone is a maximum) an
initial fast, coarse frequency sweep 1s made (in this case 10-15 Hz steps) over the
frequency range in which the resonance may occur as shown by S1 in Figure 9. A
control means such as a microprocessor identifies a narrower frequency range
within the initial coarse frequency sweep in which a maximum occurs. A further
frequency sweep S2 is made with smaller frequency steps (in this case 1Hz) within
this identified narrower frequency range to accurately determine the frequency at

which the maximum occurs, identifying the frequency of resonance.

Using the above combination of coarse then fine frequency sweeps over a narrower
frequency range, an accurate value of the resonant frequency may be quickly
determined for example in a fraction of a second. A control means such as a
microprocessor may average subsequent detected frequency values S3 to reduce
errors due to noise. The frequency of the PWM signal may then be determined S4

to indicate the frequency of the generated sine wave driving the loudspeaker 2 at
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transmtter and receiver are arranged to be positioned outside the
resonator cavity. 7. An apparatus according to any of the preceding clains,
"wherein the relative separation of the acoustic transmitter and %i is
variable. 8. An apparatus according to claim7, wherein one of ﬂti@ Sc tic
transmtter and receiver is arranged to be nounted at a fixed distance from
the centre of the resonator and the other is arranged to be nounted at a
vari abl e distance fromthe centre of the resonator. 9. An apparatus
according to any of the preceding clains) wherein the acoustic transmtter
is arranged t&sopEEadte with a supply voltage of substantially 5 volts or

| ess. 10. An apparatus according to any of the preceding clains, wherein
the acoustic transmitter and receiver are arranged to be nmounted to the
resonator substantially 180 apart. 26 | 07 0CT 2021 1. An apparatus
accordi ng to Ry datmiiRQidN FeRHeBhati! RldBncy WAl S bt BEHI4iRSPRAlRAI, has two or
nore passages through it's wall to enable’gas to diffuse in and out during
use. | 2. An apparatus according to any of the preceding clains, wherein at

| east a portion of the resonator is made froma porous material. 13. An
apparatus according to any of the preceding clainms, wherein the control
nmeans i s arr afgBFTORIOCRSET Mihid inHRIsBael B mistapgosess9ad 1Qidesgriped rrarlier
resonator fromthe frequency of a detected non-radi al resonant node using

t he rel ati on: whrdhx Kisahgeneratesi the t &M pe@thinfis saeed dtooperforgasn  dlgpsthithdo
measured resonant frequency; and Kis a constant for a resonator determ ned

by cal i brati OQeterkfiné tHee teROkhn® fre§@nRy BfMh&1Yad RAthHP @RrebnabUMekt@l & @as
conprising: applying an acoustic signal to the interior of a substantially

b6 et or m neol TARRCERNY O SR BE ey TP RE ekt p B e e tiER o T

interior of the resonator; and 27
card.

To determine the resonant frequency, as shown in Figure 10, the microprocessor

110 has an analogue output 201, a digital input 202 and an analogue input 203.

The analogue output 201 is connected to input 162 of voltage to frequency
convertor 160 shown in Figure 8, to control the frequency applied to loudspeaker 2.
In this case the analogue output 201 consists of two outputs (not shown), both of
which are connected to input 162 of voltage to frequency converter 160. One
output controls the coarse frequency sweep and the other controls the fine
frequency sweep. Each of the two outputs is passed through a digital to analogue
converter, which in this case is provided in the microprocessor 110 itself, and an

appropriate resistor to provide the required level of resolution. In this case the
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~ 7 OCT 2002 determning the speed of sound of a gas within the resonator
fromthe frequency of a detected resonant node; wherein the detected
‘resonant node is a non-radial resonant node and the internal rafyypToR20Rhe
resonator is substantially 5 cmor less. 15. A nmethod according to claim
14, wherein the resonator has an internal radius of substantially 4cm or

| ess. 16. A nethod according to claiml|5, wherein the resonator has an
internal radius of substantially 3cmor less. 17. A nethod according to

claim 16, wherei.n the resonataor has an internal .radjys of. substantially 2cm
or L ess. 18 AT BE BEGRAF (pavrey ol 7 Rker B e EsisRl dRE A s an
internal radius of substantially 1.5 cmor less. 19. A nethod according to
any of clai s flequengy rentredtie? 8ME2t he acoustic transmitter and receiver are
arranged to be positioned outside the resonator cavity. 20. A method

according to any of clains 14 to 19, wherein the relative separation of the
acoustic transmtter and receiver is variable. 28 p 7 DCT 20~ 21. A

met hod accordime,gﬁaiﬁé@i:mi&f?meﬂﬁe%@ney %@Ethefagfa@ﬁirﬁ&fe,ﬂstvacsihé%om lieh and

receiver is arranged to be mounted at” a fixe Istance fromthe centre of

t he resonator and the other is arranged to be nounted at a vatiable

di st ance from‘YqH‘g" dB%es iheoioufjﬂ’@%feés f’btaﬁvaélf.b%aﬁ%\r | %Féﬁ@?‘éiﬁ t8€any of
claims 14 to 21, wherein the acoustic transmtter is arranged to operate
with a supply “oirgcagé the dsiving awnalafiop smeloEue auput e, dpg io Alemperaiie
according to any of clains 14 to 22 wherein the acoustic transmtter and
recei ver are aanamgsdnd theherfoonnicedf etzctrivel carspomants forsaxbsipbnt Thalsl onelo0
apart. 24. A nethod according to any of clainms 14 to 23 wherein the

resonator has theVpwM BR2h8ls PRSSAYe04 t WhieHOdte | dack abetht shfeChddlcAcPas the
diffuse in and out during use. 25. A nethod according to any of clains 14

to 24, wh [ . [ ' t:hod
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the approximation to a sine wave 105 as described earlier.

The analogue input 203 represents the amplitude of the signal being received by the
microphone and is connected to microprocessor 110 via an external analogue to
digital converter. The process of locating the resonant frequency is one of

identifying the frequency at which the analogue input 203 is a maximum.

The process of locating the resonant frequency can be broken down into four
stages. The first three stages S1, S2, S3 each involve changing the loudspeaker
frequency to search for the resonance. When the resonance has been located, the

final stage S4 measures the resonant frequency.
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To allow for the finite time the hardware takes to produce a change in the amplitude

of the signal from the microphone at input 203 as a result of a change in the

frequency control voltage at output 201, the fast scan of the first stage S1 involves a
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first scan up through the range of analogue output voltages 201 and a second scan
down through the same range of analogue output voitages. Clearly the first scan
could altematively be down through the range of analogue output voltages and the
second scan could be up through the range. When scanning up, the frequency
control voltage 201 being applied when the peak is detected will be, due to the
response time, slightly higher than the voltage that caused the peak to occur. When
scanning down, the frequency control voltage 201 will be slightly lower than the
peak voltage. Assuming that the response time is the same for both scan directions,

the average of the two voltages will give the true voltage at the resonance.

A second method of allowing for the finite response time of the hardware is shown
in Fig.11 in conjunction with the above method of first and second scans in
opposite directions. The second method uses an estimated value for the response
time T to match the peak 301 of the received microphone data values M to the
frequency control voltage V which, according to the estimated response time T and
the characteristic of the frequency control voltage with time 302, produced that
microphone data value as shown by the broken lines 303 in Figure 11.

Consequently the microphone continues to collect data for a time after the
frequency control voltage V has finished scanning at time t,. This second method
enables peaks that lie near to the end of the scan limits such as peak 301 in the
upward scan of frequency control voltage 302 in Figure 11 to be found which if the

collection of microphone data M had been synchronised to the scanning of the
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frequency control voltage 302 wouid have been missed. If the estimated response
time was accurate, the values XY found for the voltages producing the resonant
peak in each of the up and down scans would be exactly the same. However, as
shown in Figure 11, the estimated value may be slightly inaccurate in which case
the up and down values of the frequency control voltage will be slightly different

and will then be averaged.

The second stage S2 uses the scanning method of the first stage except over a
smaller frequency range. identified in the first stage as containing the resonant peak.
The second stage uses the value for the frequency control voltage at resonance
obtained by the first stage as its centerpoint for its smaller frequency scan range. In

this example the frequency scan range of the second stage is 150.5Hz.

However the result of the first scan may be too close to one of the end limits of the
frequency control voltage range for the second stage to be able to use it as a
centerpoint. In this case the scan of the second stage will be anchored at the

appropriate end limit of the frequency control voltage range.

The frequency control voltage step size is also different for the second stage. For
speed, the first stage does not use the full frequency control voltage resolution
whereas the second stage does to produce a more precise resonance frequency

value.
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stage. In this example the microphone sampling rate of the second stage is also

lower at 25,000 samples/second producing a total of 1800 microphone samples.

The final value is obtained using the third stage S3 which uses a further scan which
averages the microphone data and hence produces a dependable result. Like the
second stage, this stage uses the result obtained by the preceding scan as its
centerpoint. If the result of the second scan 1s too close to an end limit of the
frequency control voltage range for the third stage S3 to be able to use it as a
centerpoint, the third scan could be anchored at an appropriate end limit of its
frequency control voltage range. However, the scan of this third stage is slower and
more methodical than the scans of previous stages. Hence, it covers a range of
fewer frequency control voltage values, generally 24 or less, and in this case 21.

For each value the analogue output 201 is set and then the circuit is left to settle for
a few milliseconds, in this case 5 milliseconds. When the settling time has elapsed,
a given number of samples of the microphone voltage are taken, in this case 20, and
summed. This process is repeated for each frequency control voltage value and the

peak value ascertained. This is the resonant frequency control voltage value.

The final fourth stage S4 comprises holding the frequency at the resonant value and
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an acoustic transmitter for applying an acoustic signal to the interior
of the resonator;

an acoustic receiver for detecting the amplitude of the acoustic
signal in the interior of the resonator; and

control means for determining the speed of sound of a gas within the
resonator from the frequency of a detected resonant mode;

wherein the detected resonant mode is a non-radial resonant mode

and the internal radius of the resonator is substantially 5 cm or less.

2. An apparatus according to claim 1, wherein the resonator has an internal

radius of substantially 4cm or less.

3. An apparatus according to claim 2, wherein the resonator has an internal

radius of substantially 3cm or less.

4. An apparatus according to claim 3, wherein the resonator has an internal

radius of substantially 2cm or less.
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transmitter and receiver are arranged to be positioned outside the resonator cavity.

7. An apparatus according to any of the preceding claims, wherein the relative

separation of the acoustic transmitter and receiver is variable.

8. An apparatus according to claim 7, wherein one of the acoustic transmitter
and receiver is arranged to be mounted at a fixed distance from the centre of the
resonator and the other is arranged to be mounted at a variable distance from the

centre of the resonator.

9. An apparatus according to any of the preceding claims, wherein the acoustic
transmitter is arranged to operate with a supply voltage of substantially 5 volts or

less.

10.  An apparatus according to any of the preceding claims, wherein the acoustic
transmitter and receiver are arranged to be mounted to the resonator substantially

180° apart.
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13. An apparatus according to any of the preceding claims, wherein the
control means is arranged to determine the speed of sound a gas within the

resonator from the frequency of a detected non-radial resonant mode using the

relation:
c=fxK
where ¢ is the speed of sound of a gas;
f is the measured resonant frequency; and
K is a constant for a resonator determined by calibration.
14 A method of determining the speed of sound of a gas comprising:

applying an acoustic signal to the interior of a substantially
spherical resonator containing a gas the speed of the second of which is to be
determined;

detecting the amplitude of the acoustic signal in the interior of the
resonator; and
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and the internal radius of the resonator is substantially 5 cm or less.

1s. A method according to claim 14, wherein the resonator has an internal

radius of substantially 4cm or less.

16. A method according to claim 15, wherein the resonator has an internal

radius of substantially 3cm or less.

17. A method according to claim 16, wherein the resonator has an internal

radius of substantially 2cm or less.

18. A method according to claim 17, wherein the resonator has an internal

radius of substantially 1.5 cm or less.

19. A method according to any of claims 14 to 18, wherein the acoustic

transmitter and receiver are arranged to be positioned outside the resonator

cavity.

20. A method according to any of claims 14 to 19, wherein the relative

separation of the acoustic transmitter and receiver is variable.
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22. A method according to any of claims 14 to 21, wherein the acoustic

transmitter is arranged to operate with a supply voltage of substantially S volts or

less.

23. A method according to any of claims 14 to 22 wherein the acoustic

transmitter and receiver are arranged to be mounted to the resonator substantially

180° apart.

24. A method according to any of claims 14 to 23 wherein the resonator has

two or more passages through it’s wall to enable gas to diffuse in and out during

use.

25. A method according to any of claims 14 to 24, wherein the resonator

is made from porous material.

26. A method according to any of claims 14 to 25 wherein the speed of
sound of a gas within the resonator is determined from the frequency of a detected

non-radial resonant mode using the relation:
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