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ABSTRACT

The acous=i impedarce of several Helmhol+z rescnztcrs
were azasurel using ¢two different <4+achnigues. The first
“echuigque employed the conventional Standing Wava Tube
method. The s2cond was th2 Dual-Microphone Transfsr Func-ion
method cf J.¥. Chung and D. A. Blaser. The calculabili+y of
the frequercy dependant Helmholtz r:sonator impedancs
allowed the mathods to be compared for both absolute accu-
racy and relative precision. The average relative precision
for the SWT technique was 4.2% while the avsrage for the
dual-microphone *echnique was 18.4%.
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I. INIRQDUCTION

Acoustic impedance tubes have bean used fcr  parny yeacss
t> obtain complex accustic impedances, reflsctiorn coeffi-
ci2nts a2nd vphase information £for nary different =-ypes of
materials., The <%“echniques us=24d with ths impedance tubes have
been many and varisd. This study involves ths compariscn of
tte dual-microphone +“ransfer functioan technique wusei by
Chung and Blaser ([Ref. 1] and *he standiag wave tube (SWT)
technique tc determire their absoluts accuracy and relative
pracision. This work was undartaken as a pr2lude to the
extersion of computer controlled impedarnc:s measurement <ech-

nigues to water.

‘A. IMPEDANCE MEASUREMENT T ECHNIQUES

Many differsnt impzdance measurement technigues have
been used over the years. Beransk ([Ref. 2] dividas the
different techniques into three gensral categories, Surface
Methods, Transmissicn Line Mathods and Comparison Methods.
This study 1ook=d closely at only +two of the techniques,
however, scme of the other me*heds ars worth menticrning as
background.

These methods irnvolve the measursment of the scurnd
FTessur2 at a point on the =sucfiace of in<eres+ and <the
pac+icle or volume velocity at the surface. Cook [Ref. 3]
did this using a short tube of a given radius aznd leng+h aand
a clamped-edge diaphram. He was then able to calculate the
volume veloci«y and *the average prassure over the surfaca of
the sample. Beranek (Ref. 4] pressented a us2ful theory for

W
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predicting the normal acoustic impa2dance cf perous mawzzizls
ty

in «ezms ¢cf +heir flew rssistancs, porosi

By far, the most popular amsthods of impedancz meas-
uremerts £fall iat> this categcry. Tha s+tanding wavs +tube aad
dual-microphone <techniques irn this study ace inciudzd. TIThzay
will be examined in detail la*t2r. Aaxother technigue involvas
the measurement of the pressure-frequency rescnacce curve
and de=ermining the curve wid+h and rzscnant freguancy.
Harris (Ref. 5] [Ref. 6] discuss2s “wo of these me+hcds
which are closely related to each other.

Pinally, one additional method <currently irn us2 by
the U.S.Navy for makiag acoustical ameasursments deserves
meaticning. ([ Ref. 7] This system is digizal and is used for
undarwater zcoustical m2asurements from 1 Hz. “0 approxi-
mataly 2 MHz, Tais digital measuring system employes a
tuffered video analog-to-digital converzer and was p-imarily
design2d4 to perform accustical measur2ments using th2 Preay
Methed. {Ref. 8] (Ref. 9] The system uses a stable signal
and sampling source and 12-bit, 5 MHz., analcg~-+c-~digi<al
converter with a 4K tuffer memory. A PDP-11/23 serves as a
centrecller as well as a signal processor £for averaging and
amplitude and phase estimation.

3. ompariscn Meithods

Th2se methods mainly 3iavclve the use of acous“ical
bridges or reliable acoustical standards. Staward first
introduced [Raf. 10] the simplest and most =capid to use.
Later rafinements <£fcllowed [(Ref. 11] but suitabla variable
standards of acoustical rasistance and -eactance were diffi-
cult *o0 ob<ain. The use c¢f <celiabls accustic standards,
rigid wall and an eighth-waveleng*h %ube, was <repor+ed by

10




Flanders (Ref. 12] irn 1932. Howsvsrs, mathedmaticzl czloulz-
ticns were difficuls.

In =his stedy, <he transmission lins mezhol 273 =h:
ccmpariscn mezhed are combined by in+roducing 2 new "s-an-
dacd"n, t+he Y21lmhol%z <czsonator. This stardard ras <hs=

advantage of having an sasily calcalable r2actznce which is
absoluts to within one azadjustable paramet2r. This pazan
is fixed by +the Helmholtz rCesonznce frequercy walich i3
easily m2asur2d *o a high degrze of precis a o
accuracy.

B. HISTORY OF DUAL-MICROPHONE MEASORING TECHNIQUES

Clapr and Firestore [Ref. 13] first mentionasd *he use of
two microphcnes in an article publishsd in 1941, I
article it was recognizel tha* +heir equipmenr* could be us=zd
tc measure *“h2 absorgption coz2fficiant of materials. Latsar,
Shultz [Ref. 14] published an articles on “he acous<ic wat*:-
metey and its applicatior £or measuring absorpticn coeffi-
cients., During this ztime the use o>f the acoustic waztme<er
fcr impedance measurements was lit<le used sinc2 <=he
standing wave <tube (SWT) t2chnigue was *he most favcred
method.,

In 1977 Seybert and Ross [Ref. 15] publishsd an ar+icle
which discusse? an cxperimer*al <achanigus usiny twe micro-
phones and random ncise 2xcitatioa. This <%echniqu used
digi+al methods and the autc~ and cross-spectrz to deiermine
th2 normal complex ceflection coefficiant cf a sample “ermi-
nating a tube. Pirally, in 198C, <Cchung and Blaser [Ref. 1]
published <heir article discussing <+he transfer function
technique f£cr m2asuring in-duct acoustic provertizs. This
technique also used digital methods and +%hs auto- and
cross-spectra to determine <the andrmal complex <ceflectien
ccefficient. However, the mathematics did rne: involve the

n
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C. PURPCSE OF STUDY

The above m=2thods nave Db22n ussed 4o measure nuasccu
matarials of differing acoustic propartiss., However, <h
properties of these materials werzs not kzown z2r calculabls
to any reasonable accuracy. The aim of this study was ¢t
determine tlke absolute accuracy of the dual~micrcphcne =ech-
nique ard its r2lative precisicn ccmpared to the SWT *ech-
nique as 2 prelude +*o the developmeat cf an impedance
msasur2ment apparatus for use in water. A Helkholtz reso-
nator was used to acccmplish this comparisor.

12




II. COMPARISON OF MEASUREMENI TECHNIQUES

Previcus studies of impedance m2asurement tzchniguss
involved *he us2 of materials for which the impedancs was
net accuaretely known. This study izals with impedancs meas-
urements USing a Hdeipnolitz resonatcss a4s & Ccaiculabls stan-
dard *o detsrmine the absolute accuracy and relszzi
precision of the two <z2chaiguas. 3 H2lmholtz r=sonat
chossn bzcause its various acoustical pacametars
inrdependently measured or calculatad and ther ceomp

the experimental results.

A. THEORETICAL BACKGROUND

The term "acoustic impedance” zan have different mean-.

ings for Jdifferent situations., It 1is necessary +to define
exactly the different impedznces involved 4irn this s+udy.
This is necessary *o prevect ccnfusion later when “hs rela-
tiornship between the different impedances is used +¢ Jeter-
mine the calculated acoustical proparties of a2 Helnmnhol*z
resora+*or. Normally this 1s not necassary sincs the specific
acous+tic impedancz and th2 acoustic impedaace differ by a
cors*an* with the dimensions of area.

ic ILapedan

a
——

1. Specific Acou

t

The spacifi accus“ic impedance is defined as *he
4

ic
ratio of acous*ic pressur2 in a 124ium %“¢c the associa<ed
-]

Eulerian particle speed. ([Ref. 17]

The MKS uni+ of specific acoustic iapadance is Pa-s/nm.




‘Y'
.

The specific acoustic impedance of a medium iz 2

rszal gquantity for plan2 waves. Howevar, <this pect zons Zoo
+he standing waves generated in an impzdazce %ube, Foro +his

cas2, the spscific accoustic impedanca will be cozplzx znid
can exprassed in th:s fornm

The 2acoustic impedance of a medium acting on 2
surface c¢f arsa "A" is tha ratio of *hes acous*ic pressurs at
the surface to the vclume2 velocity at the su-face [Ref. 17]

Za = p/U (2.3)

where U = ud if u is rormal to the surface of arsz "A". Th»
MKS unit o0f acoustic impzdance is Pa-s/m3, which Iis also
tecmned an acoustic chm. Tha acoustic dimp=zdance and <he
spaecific acoustic impedance are rslated at the surface of
area "A" by

Zo = Zg4/A (2.4)

3. Mechanical Impedarce

The mechanical impedance is thae ratio c¢f the driving
force <o the resultant particle sp22d at the point where the
force is applied (Ref. 17]

Zn = F/u N (2.5)

The MKS uni+ of mecharical impedancs is N-s/m, also referred
to as a mechanical ohm.

14




A Hzlnholtz resonator car be treated as 23 lumpad
paramatsTs sSystea. The rzsonator consists of a  viluaz vy
with rigid walls and a neck of length "L" and cross-
sectional area "A", The acoustic pressure In <+the volume
provides th2 lunmped s+iffnass "s" {f the wavelzangth is amuch
g-2a*er *harn the cube rcot cf +he volume. Thsz £luid in the
nack provides the 1lumped mass as lang as <he wavelength is
much greater <*han *the 1length of +he neck. Pinally, =he
rasistance is provided by the opening radiating sournd, if
the wavelength is wmuch greater than the square rToct of *he
cross-s=2ctioral area of *he reck. An additional resis%ance
is intzoduced by visccus losses in the neck and irrsversibla
thermal conduction o +*hs volume poundries if ¢the compres-
sion cf the gas is adiabatic and the walls renmain isoth-
ermal. However, since these resistance sources are no:
easily calculated from "“First Priaciplesn, +“hay are
neglectad., Ths radiation resistanca "R " can be calculated,
howeaver, i*ts value is dspendent upon the iapedance of the
medium which changes. To get thz viscous 1loss resis%ance
term the flew £ield in the neck is regquired. Therefore <hesa
resistance *erms are cf little use in this calcula%ion.

The fluid in the neck has an 2ffective mass given by
(Ref. 17]

m = oAL" (2.6)

wheze "L' " is *he effective length of <¢the neck zad is

W

function of 2actual leng*h "L" and +th2 neck radius "a'" and
the flew £i=21d in the vicinity of zhe oriface. The effective
mass is greater than the actual mass in tha neck duse %he
radiation-mass 1loading a+¢ +the ands generated by +<his
extended flow field. The s+tiffaess of the resona%or is
given by (Ref. 17}

s = (pch)y(a* /v (2.7)

15




By driving the H2lmholtz resona=or with a scun? wzve
~< oresszure amplitnde ¥wo", the following egquaticn foo <h=
inward 3displacemsnt "x" cf <+he fluid iz the reck c-asiles
{Ref. 17]

. :
m-g,-é . a,ﬁ;“ + sx = ape™® (2.8)

This differsrntal equation is the same as that fcr a driven
oscillator anéd the wachanical impszdance of the EHelamholtz
resonator can be szxpressel as [Ref. 17]

Zer = Re ¢ jwo - sAH) (2.9)

where the mecharical reactance "X," is given by

Xm =wl - S/ho (2. 10)
Since +the rescnance occurs whea X, =0, the resonan<
frequency ",," follows

w, = s/u (2.11)

Using equations (2.6) and (2.7)

The final result obtained from carnc2lling terms is

w, = c/-vﬁzr (2. 12)

It should be noted that nowhers in +the desrivarion of
equation (2.12) 1is any restriction placed on *he physical
arrangement of the Helmholtz resonator. Pigure 2.1 shows the
arrangeaent used for this study. As can be seen fronm

16




equation (2.12) ard <he figure, *he rescnan% frequency cz2:2
k2 chancs:d by changing +h2 area of Mnzck"(dian=tsr D, v, -t

- e -

£

vciume of the tresonator (charnyge depth h) ¢z *the 1iex

e m NMpa~len (0'».-' ~kraae -)
~E reck ~hlTEnese B

Recalling equation (2.10)
Xop = W0 = S/ (2.10)

and ty fac*oring out "a" and using squation (2.11), th=2

following result is obtained
Xm = 0w = Ofp)

Since w = 27f “he fipal form is obtained
Xm = 2mm(f - £,/f)

where £ is <the frequency in hertz. Por convenience we define

X, = £ - f3/f (2. 13)
so that
Xn = 27mX}, (2. 14)

I+ is now gpessible <+o dzrive the relationship
between *‘he specific acoustic reactance "X, " and "Xi". Giver
a resonator as shown in Figure 2.2, divided into sections 1
and 2 2s indicated and zecalling equa%*ion (2.1)

Zg = p /\V, (2. 15)

vhere p, and u, represent the pressur2 and particle svpesd,
respectively, in section 1. This is the specific acoustic
impedance of the madium in section 1.

Nex+ asing egquation (2.5)

Z,, = P‘/uz (2’16’

Converting P, To a pressure at the bourdary results in

17
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W7 Ry

Zm= - (2.17)
where o, and u, represens *he pressurz end vart-cle sTsed,

-

1l
w

[
1Y

tespectively, in ssc=icn 2. 4, is th2 cross-secticnz
£ the rescrator nack. Since <+herz is no physical becundary
between sections 1 and 2, the ©pressures on both sidss must

be equal,

Py = B =P

ot
=2
1]

Also, the wvclume velocities must be equal across

boundry. Therefore

o, = f-y (2.18)

Substitu*ing equation (2.18) into =e2qua<ion (2.17)
ard regrcuping the aprropriate teras rasults in

3
Zm = 5 () (2. 19)

Finally, it can be seen that +he quantity (p/u,) is Jjust zhe
specific accustic impedance and the resul: is

25 -
-G (2.20)

Since the impedances are composed of the resistive and reac-
tive parts, the reactive portions vary in the same manrer.

Therefore,

Ko o A (2.21)

Xm A,
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®
It can be seen from equatisa (2.14) <hat
%3 = 2mn-e ]
Xre X °
It should be notad <hat ths two techaniques in tris
study oprovide the values for specific acoustic ZImpedarcs
ncrmalized to the charactsristic impedance "0c". Therzfcre, P
*he precedirg squaticn becomes
X Xm [
and, firally, substituting for "a" f£rom equation (2.6) and
for "X;/Xs, " from equation (2.21)
°
Xuee o S A..
As can be seen, this eguation does nct depend on °
frequency and therefor:s remains constant as frequency
charnges. Fcr convenience this constant is called "K," with
the subscript signifying the thsorstical value fcr thes ratio
of "X, /0cX," for a giver Helmholtz resonator. L4
re’l
Kypy = AE;':A----' (2.23)
®
"Kgy " has been raduced t> an expressicn which
contains only directly measurable terms with the excepticn
of "L, +the 2ffective length of thz neck. However, by using
equa+ion (2.12) "L'" can be determined from parameters which .
are measurable by separate means. Later ir this chapter,
wp'n yill be looked at more <closely fer comparison with the
[
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calculated np e for cther Helmholtz rTEsora+«or

configuratiens,

Be STANDING WAVE TUEE TECHNIQUE (SWT)

The standing wave tube technique provides a cecnvenients
laboratory method for de+a2rmining the absorption coefficient
and specific acoustic impedancs of materials. The mesthod,
however, 1is somewha*t tsdious when a large number of samples
is measured or aeasuremznts of a single sample are required
at a gr=2at number of frequencies.

1. Theery

The sample %o be measured is placed at one end of
the standing wave “ube. A%~ the other is mounted a lcud-
speaker. A microphcne probe is insartsd through the loud-
speaker end 2and is attached to a micrcphons car. The car
moves such tha*t the microphone probe is moved alcng +hz axis
of the tubc.

A pur2 tcne signal is reoflected from <he sampla. The
reflected wave interferes with the 3incident wave and a
standing wave is established. The microphone probe and ca:c
arrangement allows fc¢r the location and acoustic pressure of
the nedss and anti-nodes to be measurad. Prom the msasure-
ment of “hese amplitude and phase characteristics, calcula-
tion of absorption coefficisant and specific acoustic
impedance of a sample is possible.

Prom reference 6, th2 following are <%“he equa+<iocns
needed for the de+ermination of the desired acoustic

parametars.,
pe Tank’P + 7an' ¥,
whare
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2 2 ﬁ {2.26)
"omax" 223 "2,,4" 2re the aaximunr and aiziamum pressuces in +he

A
nd "4 is +he distance +“o the firs=

n

s=anding wave tube
pressurs minimum (node) from the sampls. (NOTE: The micro-
phore outpu*t voltage is the actual msasurement made sinc2
only the ratio of the pressures is resquired)

2. Equipment Sa2x-up

Figurs 2.3 is a simplifisd representation of +he
equipment used in ths standing wave +tube %t2chrnique. h g4
includes *he Bruel and Kjaer Staniing Wave Apparatus Typs
4002, a HP 302A Wave analyzer and aa ampli€iesr and frequsrncy

counter.

a. Bruel and Kjaer Typ2 4002 sta2nding Wave
Apparatus

The apparatus is designed for easy ard gquick
evaluaticn of acoustic materials by the standing vave
mzthod. A major advantage is that ralatively small circular
samples (10 ca. in diame%e2r) are all tha* are required.

The tube used had an intsricr diamester of 10
cm., which coverad a frequency range of 90 <o 1800 kz. The
lower limit was set by the length of the tube ard “he upper
limi+ des+termined by the cut-off frequency for tha 1lcwes:
ron-plane wavemode of *he tube. [Ref, 18] Two sampls
holders were also used with £ixed d2pcths of 1 in. and 2 ir.,
respectively. The bases of the holdars were very thick to
present as rigid a terminaticn as possible.

21
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The micrcphone in the microphone c¢ar is 3z snmzll

dyrnanic mwicrcghone <¢f z2dsquate Irsgusnc rangs £+ =as
standing wav2a *ube me+thod., It is isolats by el=2gs<irn
suppor:ts in “hs car =0 vreduce “he 2£ffscis >5I =x+t:znal
airberns noise and impact sound or vibration.

b. Hawlatt-Packard HP 302A Wave Analyzsr

The Hewlett-Packard mcd2l 3023 wave analyzer is
a tunable voltmeter <¢f high seansitivity over <the froequercy
range of 20 Hz. *o0 50 kHz. The wava analyzer in the BFO mcda
of operaticr becomes an audic sigral gznera%tor combiped with
a tuned vcltmater. Purther, since the :tuned voltme=er hes a
very narrow pass band (6 Hz), noise and harmonics of +he
signal have very little effect on the voltmeter reading.

3. Experimental Procesdures

The standing wavs tube technique was used in sevaral
different experiments. It was used with a rigid ernd as ths
sample to maasur= the "acoustic” enil of the microphore prcbe
tube and “he sound speed. It was also used to determine the
rasonan< frequency and reactive impzdance of th-ee Helmholtz
resonators. Table I shows the physical dimensions of zach of
the rescnators.

a. Data Collection

In 2all of the axperiments the data was collected
in 4he same m2nner. Hovevar, in thz first experiment (rigid
er.d) the cnly data collscted was the lccaticn of the first
*we nodes ard “he frequency of <+he signal. Table II showus
this da+a.

Por +*he experiments involving ¢the Helmholtz
resonators the values of the wmaximum 2and minimum microphcne
cutput voltages were obtained in aldition *o the frequency
and ncde locations., This data was placed in Tables III-V
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TABLE I
Helnholtz Resonator Physical Dimensions

B

Bescnator  VYolmue  Nack Diameter  Neck Lspgth
Q. che. cm. Ccl.
1 195.52 2.52 1.27
381.01 2.52 1.27
195.52 3.46 1.00 %

S

b. Data Reductien

In the first experiment, the measured dis+ance
tetween <he two nodes was used to calculate the waveleng“h.
From +his, t+he quacter~wavelength was dstarmined 2nid
compared to the distance from the sample to *he firs+ nocds
as measured by *he microphone car. Since the "sample" was a
rigid end 1located 5.00 ca. from the measured end of the
tubs, the two distances should have differszd by 5 cm.
Additionally, +the wavelength and the frequeacy were used to
calculaze *+he sound speed ir the tube for -each frequency
measured., Thase results are shown in Table 1II The averzge
value of " 4" suggests that the M"acoustic center" of the
probe tube is 1.7 + .5 mm. ahead of the physical end of the
probe tukte over +he frequency randge examined.

Por the experiments involving <+he Helmholtz
rasonaters, the reduction of +he da*a was somewha<=
different. The wavelength was datec-mined by onz of <twe
methods depending wupon whether zwo noda locations were

23
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TABLE XI {
Standing Wave Tube Sound Speed Data .
| |
Erea. PBirst #in. Sec. Min. (AL8) ad g :
Hz. cm. cm. cm. ca. cl. /5. i
299 23.90 81.74 28.93 5.03 34588 f;
400 16.80 59. 95 21.58 u.,78 3u529 .
600 9.58 38.38 14,490 4.82 34569 ]
800 5.96 27.53 19.78 4.79 34512
1001 3.84 21.03 8.60 4.76 34414
1197 2.19 16. 91 7.35 5. 16 35249 ‘
14Q2 1.40 13.64 6.13 4.73 34321 L |
1599 0.54 11. 36 5.40 4,86 34602
average 4.87 34595
deviation 150 277 5
gr cent 033,08 0.80
p | o
|
{ ]
J
o

measurable. In those cases where <¢wo or more node loca*ions
were measurable, <+the distance between fhsm was used tc¢
calculate the wavelength. At the lower fregquencies wherz
oaly cn2 node was measurable, the wavalerngth was determined
from ¢h=2 frsquency and tha averag2 sound speed found during
+*he experimen=., It shc1ld be noted that an attzmpt was madz
to use the location ¢f the measurable anti-node “c determine

)]

wavelength., However, this measursment was too inaccurate du
to the naturz of the waveform being aeasursd. At <h

1]

maximum, <he values of amplitude are c¢changing very slcwly
(second crder) so that ths measurement of the axact loca%ion
of ~+he maximum was very difficult. On the other hand, a* chsz
nodes, the values vwere changing more rapidly (first order)
and +he leccation cculd be 2asily and precisely de<ermined.
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TABLE V :
S*=anding Wave Tubs ¥easzurzd Di%ta - Resoszitor 12
Freg. Firs:t Min. Sec. Min. Third H#in. Yaxinum
Hz. Che mv. Ch. MY Chie. mv. mv.
200 41,617 3.20 _51.¢
250 31.7% 28,5 527
3g0 26.20 2.99Q 83.95 3.1% 55.5
350 21.51 3,99 70.04 3.30 65.5
400 18.42 10.0 61.49 9.40 178
450 16,17 1.52 54,44 1.70 26
500 14.26 4.05 48.19 3.40 82.21 4.05 61.5
550 11.10 5.40 42,92 5.30 73.68 5.69 68.5
600 9.18 2.05 37.66 1.98 66.69 1.70 24.0 |
650 5.43 6.05 32.79 6.15 60.39 6.10 u6. 2 {
700 4.28 4.00 28.62 3.95 52.94 3.80 26.3 |
750 2.29 2.90 .54 2,55 47.49 2,64 15.4 {
800 19.07 3.95 40.41 4.25 6%.37 4.15 27.3
850 16.52 1.10 37.32 1.12 57.42 1.10 10.3
900 14.41 3.10 33.30 2.90 52.80 3.20 47.5
1000 11.67 .80 29.00 .90 46.18 .76 22.5
1250 8.22 .60 21.86 .45 36.08 .52 24.6
15090 6.53 .65 17.96 1.490 29.49 1,13 60.5

After the wavelength was determined, i+t was used
to scale the distance to the firs* node (Table VI). Thes=
values were plotted versus the frejuancy (Figures 2.4-2,.6).
The first two points above resonances wa2re also plot+ed as

A linear regression was then used with the +wo da*z pcints
both above and below r2sonance to determins the resorar+t
frequency "£f ". The resonant frequency for each resonater is
also shown on Figures 2.4-2.6,

Once the resonant frequancy was obtaipsad, "XA"
was calculated for each fregquency using 2quatior (2.13). "X
/poc" Was then calculated using equations (2.24-2.26).
Finally, the ratio of "X,/ 0c" to "XJI" (Kep) was calculated
for ccmparison “o the theoretical value (K,) detcermined from
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TABLE VI ;
Standing Wave Tube 14 Data ( )
{
i
Fredg. Besonator #1 Rescnator #2 Rgsonator %3 :
Hz. d/ an aza l'
200 .24186 {
250 .2437 « 2015 .2303
300 . 2201 « 1726 «2268 )
350 2130 . 1028 «2214
375 . 0397
400 .1934 .4683(-.0317) .2138
450 . 1585 «3865(~.1135} .2113
500 .0954 . 3454 .2099
600 «3906 (-.1094 . 1596
650 .3452 <1192 '
700 3213 . 0880 1
750 .3094 . 2943 .0507
850 .4039(~-.0961
909 «3754
1000 .2802 . 2820 .3382
12590 2754 . 2688 2950 )
1500 .2706 « 2751 . 2844

equation (2.23). Takles VII-IX list the experimental values
for each Helmholtz resonator.

c. Eccor Analysis

Before an analysis of +he errors could be -
at*emptsd, it was necessary to idsntify all of the sources
of the errozs. The eorrors were a rasuls of the measurements
cf the voltage (P, ard P,.,), frequancy and distances %c the
nodes.

Recalliag equation (2.25)

¥ = cotk’ (-Bmew. (2.25) '

Dm 1Y
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TABLE VII f

Standing Wave Tube Reduced Data - Resonrator #1 ;

|

£,= S542.7 iHz. =

Freguency < Xsdpc £a Koxp !

Hz. cm. /s Pa~-s/m st x 10-3 l

250 329050% -7.39 -928.1 7.9% |

350 34195 ~-4.15 -491.5 8.44 |

490 34432 -2.63 -336.3 7.82 !

450 34605 -1,52 -204.5 7.43 |

500 3u800 ~.658 -39.05 7.39 {

550 34430 .094 14,50 6.43%
600 4560 .807 109.1 7.40
650 3684y 1. 45 196.9 7.36
700 34636 2.97 279.3 7.041
750 364425 2.55 357.3 7.14
1000 34800 5.21 735.5 7.38
1250 34500 6.22 1014 6.13
1500 34650 7.70 1304 5.90
average 38560 average 7.57
deviation 174 devia*ion .39
per ¢2nt «50 ' per cant 5.15
* Values not us2d for the calculation of *h=2 average.

i+ can be seen that £for the vzlues of "p,, ' and "P,."
involved, SRR is =emall and therefore, ar srror in <+hs=
s-anding wave ratio (SWR = -gjﬁﬁ ) has little 2ffect on thz
cve-all calculations.

Looking at equation (2.24)

-.’!&- = --.72-.:\..?‘.(./.‘. A'Lé.:ipl.)----- (2. 24)
,06 r‘n‘\lq’, +T¢,.\‘ qu.

and taking into account that "q;" is small, <equa<ticn (2.24)
then reduces to

X o2 e ____
re 7-“;9«‘
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TABLE VIII a
Standing Wave Tube Reduced Data - Resonator #2 i
f,= 387.8 Hz.
Fzsguercy S X, Log Xl Keep
Hz. Clh./S. Pa-s/m s-1 x 10-3
259 34392* -3.8% -531.9 6.99
250 34430% ~2.43 -351.0 6.91
320 3u542 ~-1.46 -201.3 71.25
3590 34447 -.563 -79.69 7.06
375 3356 3% -.079Q -26.04 2.69%
490 34296 .258 24,03 10. 74*
459 33516 . 745 115.8 6.43
500 34629 1.55 199.2 7.78
550 34557 2.08 276.6 7.52 |
600 34398 2.35 349.4 6.73 ]
65Q 34437 2.80 418.6 6.69
790 34503 3.23 485.2 6.66
750 34508 3.72 549.,5 6.77
1000 U560 5.49 849,95 6.46
1250 38913 8.51 1130 T.53=%
1500 34470 7.1 1400 5.08%
average uauy averags 6.94 L
devia+ion 314 Jeviation <41
pes c¢2nt <91 per cen* 5.9
*Vzlues not used feor the calcula<tion of +the zverage.

away

thaz
from
gces
the

X
}ﬁ}' ~ cot ¥,

fiom resonance,

On the basis of this rasult, it was determired
thes best data was obtained in the regions Jjust away
resonance for the following reasons. irst, since tan
tc zero at resonance, "VY. " terms begin *c domina%e and
er-nrs in "Y" become large whan compared to "y

29
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TABLE IX ‘
Stapding Wave Tube Reduced Data -~ Resonator #3 1
£,= 773.0 Hz.
Ereguency g X408 Xa Keap
Hz. Cl./Se. Pa-s/m s=1 x 10-3
200 =-7.34 ~2738 2. 81
250 -6.93 -21490 3.24
300 34650 -5.72 -1692 3.38
350 33999 -5.03 -1357 3.71
4Q0 34456 -4,09 -1994 3.74 |
450 34443 -3.178 - 878 4,31 (
500 33975 -3.63 - 695 5.22% {
550 34419 -2.07 - 536 3.86 {
600 34506 -1.50 - 396 3.79
650 35074 -.870 - 269 3.23
700 34062 -.600 - 154 3.90
750 33900 -.313 - u6.7 6.70%
820 3u640Q <427 53. 1 8.0ux*
850 34765 .616 147 4.19
9@0 34551 1. 06 236 4.49
1000 34510 1.58 402 3.93
1250 34825 3.97 772 5.14
1500 34440 4,69 1102 4.26
average 34451 average 3.74 '
deviation 327 deviatien .47
per cernt «95 per ceat 12.6
*Values not used for the calculation of the average.

Secondly, as the frequency gets further from resonaace the
cotangent function gets larger and +“he errors also get
larger. It was <for these reasons “hat some of the da%a in
Tables VII-IX were delzted for the <calculation of <he
averages.

This completes <the discussion ©2¢ the s*arding
wava tube technique. The final results will be examined
later in this chapter along with those for the Chung-Blaser
dual-microphone techniqua. One additional experimental
technique needs addressirg. The resonant frequency of each
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Halmhecltz resonator was measured indeperdently of zizher
methcd, This was done using 2 signal genera%or ané srz=zhzr
to excite +h2 rssonaters. Using a small microphon: in =ixsz
resorators =o Jde=ect the pressure chaagses, ths sig
ator was <uzed to +he fra=quency waich resulzed in <he
greatest pressure in the resonatcers. Thzse
frequencies ware 549.5 Hz. for resonazor 1, 396.5 Hz. for
rescrnater 2 and 795.0 Hz. for cfe2sonz2tor 3.

C. CHUNG~-BLASER DUAL-NICROPHONE TECHNIQUE

The dual-microphone technigue daveloped by Chung and
Blaser providas a3 quick method for nmeasuriang <+hke acoustic
impedance arnd reflection coefficiant in the 1labora-ory.
However, as will be shown later, <he ta2chnique suffers scme
degredation in accuracy compared with the results obtained
Ey the SWT methoed.

1. ZTrkeory

Churg and Blasec have shcwn [Ref. 1] *“hat <h2
complex raflecticn ccefficients at <+he two microphorne loca-
tions can bs expressed in terms of %“ha transfzr funczicns of
the iIncident and reflected waves. This expression is

'E% = .;‘;"Af‘c%- (2.28)

vhere R, (f) and Ry (f) are the complex reflection coeffi~
cierts evaluated at the first and sa2cond microphon2 lcca-
tions, trespectively. H/(f) and H-(f) are the acous*ic
+ransfer functions associated with +he 1inciden+ and
reflectad wave comporsnts, rTespectivsly, evaluated at the
+wo micrcphone locaticns.
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For plane wave propagatisn (no mean £flcw) nd
nsgiec-ing wall losses, H[(f) and H.(%) can be 2xpr=gs=2i =g
Ho(f) = e (2.2%)

and
H, (£) = & (2. 30)

aiccophons

[1Y

where "k" is the wavenumber and “"s" is +h
spacing.

Application o¢f equation (2.28) results in +h2
reflecticn coefficient "R" on the surface ocf a sample
material rot a+t a microphone locatis>n being expressed as

R L LML
R - H" (2031)
whare
Y = oM (2. 32)
and
L skt
HY = e’ (2.33)

and "1* is *the distance from the £first microphone *o0 *he
surface of the sample material. Using squations (2.31-2.33),
the refiection ccefficient a*t the sample is

R = g, & (2. 34)

where [Ref. 1]

. NV A3
‘" H!:G) < Hal) (2. 35)

H,(f) <is “he acoustic transfer function between microphones
1 and 2 and H,(£f) and H.(f) are the transfar functicrs of

32
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the incidernt 21nd reflected waves, r2spec*ively, beZweer <h=s
+vo mic:tcpkens lecations,
Using =h2 s*andard rzla*ion betwesn rtaflectiorn coec-

ficient and coapizx specdiic zcseszic Imps
f5- - L1eR) (2.36)

and th2 relationships ir =zquations (2.34) and (2.35), the
complex specific acoustic impedanc? can be detsranired a<« z
distance "1" from *he first microphonz= [Ref. 1)

-Z3_ =y ‘ Hex S0LkI) = Sun L’ﬁ(’.’.’ﬂ. .......... —em—— (2.37)
pc Cos[k(1-)]- H,y cosCki)

where

Xs. o Re(H snlacrAlE Lam Bk s) /o lsin 230} (2.38)
pc Cos” (k192 ReCH. ) caslki [ os[c1-3]] # 1Kol 2os CR)

(f) can be expressed as

B, () = —4'-?‘2;;-53*’--- (2. 39)

where C,, and Q, are the real and dimaginacy parts of <he
cross-powar spectrum of the signals a* microphones 1 and 2.
S, (f) is the auto-power spectrum of the signals at
microghone 1,

Pinally, Seytert and Ross show (Ref. 15] that <he
phase change upon reflection is givaen by

FE) = +a n"[--%f(({fH (2.40)
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vhkere Q,, and C; are the ipmaginary and real parts of =h2
ie

1
c+*zd wavwz

)

[ }]

-

CTCSS-pIWer spectrum of th? Incident %5 ref
2. Eguioment Sei-up

Figure 2.7 shows a simplified diagram ¢ <he
Chung-Blaser dual-microphone tachnijue equipment se«-up. AL
the canter of <the =syst=2a r2 the Hewlett-Packard HPE-85
computer and HP-5429 Signal Azalyzar Systen.

a. The Hewlett-Packard HP-85 Comput=r

The HP-85 computer is an 8 bit microprocessor
which uses the BASIC computer languags. It has 16K by*es of
read/vwrite memory of which 14,579 bytes are availables for
use by +“he operator. The urit used in the study had i<s
memory expanded +*o 32K bytes by a memory module. The unis
has a mass storage capability in th2 form of a magnetic *tape
reader/-ecorder. It also includes a2 127 millime*ter diagonal
Elack 2nd white =slactromagnetic d2flactior CRT and a 32
character per 1line thermal printez/plotter. To in*er
with other equipment, an I/0O BROM and interface caczd
added to prcvide HP-IE (IEEE-488) interface capabili+y.

E. The Hewlett-Packard HP-5420 Signal Analyzer

The Hewlett-Packard HP-5420A Sigral Analyzer
provides digital time-domain and fraquency~domain analysis
of 1lcw frequency eanalog signals. The HP-5420A systenm
includes the HP-5047B Digital Pilter Module, HP-5u4410n
Analog =5 Digital Converter, HP=-544 34 Keyboard and Ccntrol
Mcdule and <he 54412 Display Modulea. The equipment used in
this study also included an HP-10920A HP-IB interface acces-
scry. This allowed its use with an HP-IB <controller. It
allowed the transfer of data and measuremsnt set-up infcrma-
tion t¢ pass to and from +he controller and allowed the
rz=ception of remote ccntrol ccmmands. Using th2 cont-oller,
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11led

1

the da*a wvwas modified, processel, saved and r=c
g 2 flexipilicy.

o
The HP-547:02 Sigrnzl Anzlyzsr performes 2 vi-is+v
cy-dcmaia measurements., 1L - ig-
urements are Jdone using digital signal prccessing. This
invclves filterirg and sampling <the iapat waveforms. Tie
aralog inrpu* is first filt2red by a lcw=-pass filter and %her
rassed *c an 2analog tc digital convarter. Here, ths wavafcra
is sampled which resuls<s in <he conversicr of a vol*age(at a
certain point in +time) dinto 2 numericzl —represan+ta+icnm.
These numbers are <then filtered and processed digitally e

produce the various measuremerts prazformed by the analyzs=z.
c. The Impedance Measurement Tube

The tube wused in this pazt c¢f *he study wz2s a
piece ¢f 3 inch inside diameter PVC pipe 12 inches long with
a 3 4inpch loudspeaker mournted at oze end. Two holes were
drilled in the tube and fitted with 7/8 inch Tygon tubing %o
nold thz two wmicrophones. The first was locatesd 11.42 ca.
from +he sample end (opposite +hz 1loudspeaksr) and the
second was located 4.59 cu. from the £i-zst. The distances
were measured to the cen*tsr of the aicrophonss,

The microrhones used wsce General Rzdio 1962 1/2
inch electrst-condenser microphongs. These microphonss have
a sensitivity level c¢f -40 4B re 1 v/Pa and have typically
flat response curves from 20 Hz. out to 1800 Hz. which cover
the fregquercy range of +he study.

3. Experimental Procedures

The dual-microphone technique was used to datermine
the resonant frequency and +the reactive impedancsz of <+he
same three Helmholtz resonators used with the standirng wavs
tube technigqu2. A major differenca be“ween the twe +techni-
ques made itself known almost immediately. The %ime +»
collect and reduce the data was vastly different.
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a. Micrcphone Calibration

n

The *wo microphoneyspreaapliifizr caznnels n=2i =

pe czlioratzd for phes? aad awmpli=-ude differences soicl %o

o

use for the actural measursments. Th2 techaique used €c:z %his

calibra=<ion was to place both microphonzs in identical sound
fields and record any frequency-dependent phass arnd ampli-
tude diffsrences. This calibrta*tion da*ta was <hen uszd hv +hs

computer to condition the data prior to the czliculazica of
reactive impedance, rhase angle and ccmplax reflection coef-
ficient. 1Ir this manner, <*he sffect of diffarcsnces batween
the +wo microphone <channels on +hz 3a*a was nminimized.
Additionally, *his method also allowed for imbalancas in %he
A/D cenverter channels of the signal processor.

The didentical sound fields wersz obtained by
mounting ths two microphones at thas same radial position a*
the sample end of the tube. This was bassd on the assunmpiion
tha+t the sound €ield is radiaily symmastric a%t £frsquenciess

balcw <*he sicshing mcde. This fraquency is giver by
(Ref. 18] )
L,= ogrd (2.41)

where "o " is the solution to

Alfzd) _ )
};( = 0 (2.42)

and "d" is +he diameter of +he tube. Th2 sloshirng mcde

corresponds to "a! which is equal t> .5861. This results in

a cut-off fra2quency of 2650 Hz. The calibratiorn prcgranm )
used is givsen ip Appendix A.

b. Valiidation of Tube Perfsrmance

After «calibration of the microphone <channels, )
the micccphcnes were placed in the normal positions in the
wall of +*he *ube and the proper opsration of the sysienm was
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verified. A 4.03 inch long pisce 2£f PVC pipe with th2 sane
dianeter, provided wi<h 2 -igid -:ilccmive end, was ooz oas
a sampls impedance. Thas sxgpscted rasulcs ware 3 T:fl:is=lcoo
ccefficiant of 1 2238 2 known phase cnangs e3ual o
= Y74 -
af = YF = 14¢f (2.43)

The results are showr in Figures 2.8 and 2.9 Figurs 2.8
shows that the refleciiorn coefficiant is approxiamatsly 1 foc
fraquencies below 2.5 kHz. except a+ 1.5 kiz., ware the
pkase goes through 0 degrees yizlding zn indetzcm
which is discusseil in section =. waich follows. Above 2.5
kHz. non-plane wave mnodes degqrade the results. The me

slope of the phase shif* versus frsquency shown ir Figura X
is =53 degrees + 1 d2grese. Using equation (2.41), tkis s
produces a sound speed of 356 + 1.34 a/sec, which is

= ¢ ]

tant btu= significantly Ligher +than *+he average of the fo
values obtained by +the SWT tecanigue 1listed in Teblss

IZ,VII-IX (c = 345.12 + .38 m/sec).
c. Data Collactinn

Bach of th2 +three fH=lmholtz resona<css was
placed 24 the sample end and +the data collected. The da%a
was tabulated ir Tables X-XII. The collection 2anid recording
of the date was done completely by the computer and ths
program is given in Appendix B.

d. Data Reduction

After the raw data was collected the £irs+ siep
was tc determine the resonar+ frsjuency of the Helaholtz
resonator. The data collected allows this %o be done in twc
differant ways. Bcth were used. Firs%, the specific reactive

impedance "Xy /oc" was plotted versus the frequency ard a
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€ ed done uasing the ¢t
either sgide ¢f *he origin (U4 points %o%a2l) whsze -h:z —w=:z--
to zero. Thiz gives %tz r2zanan-
f-cejuency sirnce =he reactivs impedanc? of a -sscneto 2guals
Zerc at resonance. The graphs and resonan% frsquenciss for
each rescra*tor are shcwn in Figures 2.10-2.14
The second method for dztermining +he risecna
fraquency involvad +th2 use ¢f th2 phase angl
inciden~ and reflectszd . Whan <the phass
2.15-2.19)

wa ves

plo<+ed versus frequercy (FPigurss
* the poiat where <ths p

r €

cbtained from the 4graph 2
was 180 degreszs. Again a linsar regression wis us
2 pecin%s or. either side c¢f the 180 degree phz
Figures 2.15-2.19 also show the frszquency de*ter

resonan* frequency used in subsequant calculations was the
avazage of the +two frequencies de+acmined from the two
methods. The reproducibility cf the results can be estima+ed

from “hs ra*io of the standard deviation to the average fo-

th2 €four (two) serarat2 measuraments ©f “he ICescnanc<
frequenciss for rescnators 1 and 2, which were 0.5% and

2.0%, respectively.
Once the r2scnant freguancy was dat2rmined, it
tio

was ussd alcng with equation (2.13)

Xy = £ - fr/f (2. 13)

to obtain "Xi". Using this aloag with the reactive ippedancs:
ratio "Xg /pPC", the experimental valuz for +*he ra=i

Xs /0¢
Keap = -{éﬁ-- (2.42)

39




—— e —

XI

TABLE
Dual-Mdicrophone Measured Data -~ Resona:or #2 Run 1

+ 3.8 Hz.

435.8

o
—~
o1}

W
v)
«ll

&

|8

Q
o)

deqg.

Pa~s/a

Hz.

o P c

nIe-r~m

o 2 & 2
~O~-NO
ounn e ™M
[aglaslaplasie]

INOMM OO OO O™ ™
® » ¢ 2 9 @& 0 & ¥ % % ¢ % S S Y
™~ =ON = MO FMNOOMOOMND
JINOMODO MO II™M
e

N POOOOS MO0 IFIANM
AN OODONONF OO IND

AN ™I Ne=MDWD ¢ ¢ ¢ ¢ v ¢ s o
T ¢ s s 0 0 s TN
(I I O |

[nlolelelelalelelelololslole ol le]
ONONILNONONONOOONO
NONMM 3 FONDOO OO NN

-

«3 Hz.

421.7 +

Run

oy

degqg.

deg.

Pa-s/m

Hz.

[VolaaiVolValVpl
o o e 0 0
—oOoMN~O
O™~
MM NN

O I NUNO OO ™ X ONNO
*® & 5 o & 0 ¢ o 0 ° 9 s 0 o ¢ 0 O
e NOO I OOTUMN® MM

JFONOM OO O MM

Al okl ol o

MMt~ 3 N NN MM O =N
WO M O™ he OOIN OO MM
— NIFOrTUNOON » s & 5 0 o ¢
N o 8 ¢ 5 0 8 & TN

[«lolelelalelolelelsolelelelols e
OO ONONONIONO OOWNO
NONM M 3 FIONOO SO OONN

- —

———— —— - Y p——————

40




T
! TABLE YII ;
Duai-dicrophcze ¥zasured Data - Rescnator @3 1
1
£ = 947.1 £ 1.0 Hz. :
Freg. L 4oc Phasz Angls 360 + Bhasz Azd. ;
Hz. Pa-s/a deg. d=q. :
400 .719 22.1 382. 1
459 174 5.6 365.6 |
509 -.039 - <9 359.1 1
550 -.597 - 15.4 u4,6 {
600 -1.01 - 25.4 334.6 i
650 -1.06 - 34,6 325.4 |
700 -.921 - 56.4 303.6 |
750 -.83 - 69.4 290.6 {
800 -.625 - 94,6 265.4 |
850 -.380 -126.9 233. 1 |
900 -.20 -152.7 209.3 ‘
9590 . 048 173.5
1000 . 196 155.2 |
1050 . 385 135.5 |
1100 .571 118.1 i
1200 1.05 86.5 |
1300 1.34 73.0 1
1400 1.57 64.7 1
1500 1.69 61.2 ‘
{

was calcula-ed for ccmparison with the theoretical value
cbtained frcom squaticn (2.23)

= 2T LB
Ken cA (2.23)

Taples XIII-XV show the ra2sults for "K,," for eack of the
rascrators tested.
e. FPrror Analysis

The Chung-Biaser dual-microphone tachnique had
some inherent errors built into it by virtue of the equip-

men+ cons*ructicn and mathematical tsachniques. Firs:t, +the
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TABLE XV :
Pual-Microphene Rednced Da*a - Resonator #3 :
!
Freguercy £5 L
Hz. s=1 x 10-3 '
{
4990 - 1844 «39%
45Q - 1545 L
500 -1295% .03%
550 - 1082 «06%*
600 - 895.9 1.13
650 - 730.9 1.45
700 - 582.,2 1.58 |
750 - 446.8 1.87 |
800 - 322.0 1.94
850 - 206.0 1.84
909 - 97.3 2.07
9590 5.2 9.2ux*
1000 102. 4 1.91
1050 195.2 1.97
1190 284.0 2.01
1200 452.0 2.32
1300 609.6 2.20
1420 758.9 2.07
1500 901.6 1.87
average 1.91 ‘
jeviation .23
per cent 12.0
* Vzlues not used in the calculation of :the average.

coastruction of <the tube 1limits the <range of frequencies
over wahich good da“a could be obtained. The diameter of %he
tube determined th2 wupper limit of measurable frequency.
Since the tube was valid only for a plane wave, the frequarn-
cies measured had +c be below *he cuzoff frequency for the
tube. For *hs tube used Zn this study the cutoff frequency
was approximately 2600 Hz. The construction of the tube also
limits the effectiveness of measurements at the 1lower
frequencies. The «critical parametser in this case is the
spacing tetween the microphones, #P>r a given separaticn as
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the wavelength aets loangsr (fraqueacy lower), the di€izz-
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locatiors b=cam2® small ard <h:z nois
.fz2quency limit Zcr 4the tube was &bout 200 Hz.

Pinally, +he mathema+tizal technigue -asul<z? in
an indeterminacy in the refleczion coefficien-. This
cccurred when <ha phase angle was squal “0 zers. when <his

cccinrrai equation (2.35) zeduced ==z

R = 0/0

wnich is indeteraminant. The result was <hat da<a chrtzizned
for the frequencies about 50 Hz on ei<her side of -he pcint
where *he phase angle =2qualled zZero was g-=a%ly in error.
D. CCMPARISON OF THE TWO T ECHNIQUES

The <wc techniques ware consistan:t with each «c¢+thar ani
with the exprected +hecre*ical valuss. Ficst, the technijuss
will te locked at fcr comparison with the <“he theoraetical

rzsults and then £cr ccmpariscn wita each other.

1. tanding Wave Tube Techriguz

Fiqures 2.20-2.22 show the comparison of the exveri-
men+tal and <heoretical values for "X,/ec". Tha <hecretical
values were obtained using "Kg " (eqa. 2.23) and the calcu-
lated values for "X1" (Tables VII-IX). Thsse were +abulated
in Tablss VII-IX As «can be seen in Piqures 2.20-2.22 th=2
values compare <favorably with a divergence noted at <+he
higher frequencies away from resonance. This divergence was
explainzd ia the arror analysis in section B.3.c.

Tabie XVI shews the resonant frequency and both
constants for each resona*or, along with the —resonan*
frequency detarmined by *he independsnt method discussed in

saction B.3.c. As can be seen, "K,," and "K," were within
us
ot
it h =

9!



+he calculated error for csach. The average per cen< srIoT
&

ot
£

e
batween *the tuyc 7values S0z "X " wigs fcuni 2 b
te technigue. The averzags

2 P
for the rescrant frequency was founi to be -2.23%.

2. Chung-Blaser Dual-Miczropheae Tachzigue

Figures 2.23-2.27 show the comparison of ths expsri-
men=-al and “heoretical vaines for "Xg/0c", Thz +he

values were obtained in the sams manrer as in the SWNT tech-
nique. The graphs shcw a2 good agrzzmsnt except at the lower
and higher fregquencies away frca resonance £for r2asons
previously noted in secticn C.3.e.

Table XVI shews the resonanc2 frequency and beth
values obtained for the dual-microphone technrnique. The
values determined for "K,," and "K, " do not in all cases
overlap within th2 areas of urcertainty as was “he case with
*he SWT technique. As a result, the average p2r csnt ercor
({(Keyp = KW /7K,) x 100 was found to be 18.4%. The average per
cent error beotwvween the indapendsnztly measurad rescrnanc

ceguency and that measured by the dual-microphone method
was fcunxd to be +11,.4%,

3. Standing Wave Tube ¥s. Dual-Microphone

- o — —

The grea+test discrspancy betwean the “wo methods was
the measured resonant frequencies. The resonan* £frequency
measured by the dual-microphone <ta2chnique was 21ways higher
than the rescnant fraquencies measuzz2d by +he other two
methods. The average =2rror of +11.4% was significantly
larger than the errcr for +he standing wave tube method of
-2.23%. ddditionally, +the deteraminaziorn of -“he constants
for the dual-microphere method produced larger discrepancies
between the <theoretical and exparimental values. Finally,
the calculated sound speed for +a2 Jual-microphore method

was 3.2% higher <+har the SWT method whick was in good

46
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]
TABLE XVI ;
Ccumparison of Results : '
Fraq. K, Kexp Eéfiﬁm X 100;
Hz. sac. s:cC. |
x 10-3 £ 10-3 i
BES 22 ’ '
549.5 ¢ 1.5 Hz.
ST 542.7 7.35 # .18 7.57 # .39 +2.99
Dual run 1 589.5 3.67 ¢ .10 3.52 # .79 +4.09
Dual runm 2 590.5 3.66 4 .10 3.17 4+ .21 -13.4 '
RES 22
398.5 + 3.5 Hz.
SWT 387.4 7.37 + .15 6,94 *+ .41 -5.83 )
Dual run 1 432.90 3.45 ¢ 33 2.79 # .33 -19.1
Dual run 2 422.0 3.68 4 .07 2.91 ; .25 -29.9
REs #3 '
795.0 + 4.0 Hz. '
SHT 773.0 3.61 # .09 3.74 + .47 +3.60
Dual run 1 974. 4 1.42 ¢ 04 1.91 2 .23 +34.5

Rescnator #1 - 349.3 Hz.
SHT - S42.7 Hz. -1.24%
Dual - 590.3 Hz. +7.42% ,
Resonato: #2 - 338.5 Hz.
SWT - 387.4 Hz. -2.79%
Dual - 428.8 Hz. +7.60%
‘ ]
Rescnatoz #3 - 735.0 Hz.
SWT - 773.0 Hz. -2.77%
Dual - 974.u4 Hz. +22.6%
' ®
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III. CONCLUSID

[}

S

Throughout this study both techrigues displzyed zdvan

tages and disadvantages. The <criteria for saying one i

n

19
i

-

"hatter” than the other d2pends upo>n <he pucpose fer «

aic
tie inforwazion is needed. No atteampr #will be made <o dacid

({7}

whick *=chrique 1is "better"™. The strengths ani wesaknesses
will be peirnted ou+ and the potantizal users o€ «hisg infccoma-
+ion <c¢an decide which *zchnique more closely £fits +heir
nzeds.

It was <clear frcm the results in Table XVI +hat the

=2

[ |

e

standing wave tube +*echnique was the mors accurats W
compared tc the expected theorztical wvaluss for th

[1}]

Helmholtz "standards". In addition, the SWT “achnique had a
higher average =r2lative precisior than <the QdQual-micrcrhene
technique. The average fcr *the SWT was 4.2% while the
avarage rzletive precision for the iual-microphone techrigus
was 18.4%., We Dbelievz <the reason for <+he faczor of
fcur-and-one~half better results £for the SWT technique was
due %o ore major characieristic o0f ths *wo “echniques. The
standing wave established in the <two tubes wsre :fthsorati-
cally the sam2, However, the locatisns where the appropriate
measurements wers obtained were Jifferernt for each +ech-
nigque. For the SWT technigque ths measuremen*s were always
taken at the optimum locations, i2. a maximum or =z mirioun
pressure pcint. Therefore, it was possible ¢0o obtain the
best da%a availablse. For <+he dual-microphone %echrique ths
measurements were taken at locations on the s+“anding wave
predz+ermined by th2 microphorne 1locations. These lccations
vere only op*imized when the microphonz szparation was equal
o an odd wmultiple cf a quarter-wavelang=h c¢f the frequan-
cies measured. Therefore, the data obzained was ot
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L3

best availani= and th2 reszul: was 3 “=x3r-da=
a 2 Tz laal-

ae

c c o)
s no%t vprovida an obvizus
u

dual-microphone m=zthod.

It would appear that the SHT m2thod was *he more d:isir-
able based on accuracy and relative precision. This may no=
be “he case. When numerous samplas wsre involveé or zh2
results desirsd over a large £requeacy range, the SWT method
became *edicus and cumbersoms., It involved *h2 manual %taking
and reduction of data. The dual-microphone *“echnique was z
great deal fas*er and easier to use. The time to obtain the
results fcr one sanmple over a fraguency range of 200-1500
Hz. was approximately 20 minutes for the dual-microphcne
tachniques and 6 hours for the SWT tachaique.

Thus wken choosing which technijuz is more desirabls for
a given applica*ion, it must be decided whether speed o-
accuracy is more important. The dsgradation in “he accuracy
and relative precision for the dual-microphorne technique
might be cornsidersd minor in those applications where speed
is impcrtan+.

77

aetla




IV. RECOMMENDATIONS POR IMPROYEMENTS AND PURTHEDR STrnv

. W i —

Whil= +ths experimencs conducted in this s%tudy were
+raigh+ forvard, sesveral changes could bs made to improve
boeth tzchniquas., Th=2 biggest chanjye would be %o adapn% ths
SWT techniqgue for ccamputer ccntrol. This cenld be accem-
plished usirg a serve-mechanism with a worm-drive oa <h2
microphons car. Thz computer could then au+tomaztically se<
the £frequency, de+ermine the maximum 2nd minimaem valuas and
their loca*ions and ccmpu“e the neczssary information. This
would greatly enhance the SHWT techaique.

One improvement or ckange for the dual-microphere “ach-
nique that needs investigation is ths use of a pure tone as
th2 signal Instead of random noise. It would be possible to
step through the frequsarcies desired. The use of a pura =cre
would allow the use of a2 narrow band filter and could rssul*
ir a reducticn iIn the noise interference and would include 2
ussful -edundancy as the wavelength and thus phase differed
between the +«wo microrhones.

Although hare vwe only dealt with reactive impedarce, i+
wculd also be possible to extract an absolute value of cth

D

[

resistive component ¢f ths Helmhol“z resonator wi+h only on
addi+ional measurement. If the quality factor »of the ra2so-
nator is measur=d and <+he absolu*e =rs=zactive impedance is
krnown, the absociute resistive impedance is fixed. This value
can *her be compared with the impedancs measurement.
Finally, several changes could be made %o adapt <zhe
dual-microphone technique for use in a water filled tube.
First, the tube should b= cons*ruc+ed with numerous hydro-
Ehone locations so that the separation between hydrophones
could be varied somewhat to optimize the data fer a given
frequency range. Additiornally, the use of a bubble of known
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dimensions c¢culd be used to dster
tive precision of the watsr

sgst3 <2 *hz Jelaholtz Zssonator uss
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AZRENDIX &

MICROPHONE CALIBRATION PROGRANM.

1000 cpticn base 1

1010 ! matrig vy b

1020 ! matTiz 'a' K«

10397 ! matrzix 'C' is calibra%ion vac=or

1040 ' address of HP-5420 is 704

1050 dim W (2,16),2(3,256) ,C(2,25%6)

1060 oatput 704 ;"RS" @ S=SPOLL (7J4) @ waic 500 @ S4%0 +her
1060 '

1070 ¢ HPS5420 test setup:

1080 ! 60 s*able averages

ids HP5S420 da%a block head=zc

ds auto arnd cross spsctzun dzta

\F
O
'

(B

O

1090 ! charnnel 1 active

1100 ! transfer func*tion

1110 ' randon signal

1120 ' 1.6kHz bandwidth

1130 ocutput 704 ;"60,1 AV CH S FR 2 SG 1.6 KV 3W 0 CH C C
10 RG"

1140 S=SPOLL (704) @ wait 500 @ if S#) then 1140

1150 1€ S#0 then 1140

1160 ' star* da*a ccllection

1170 disp "press end line to continu=2" @ input AS

1180 outpu*t 704 ;"ST"

1130 S=SPOLL (704)@ wai* 500 @ if S#68 +then 1190

1200 disp "press end line to contiaue” @ input AS

1210 gosub 1330 @ gosub 1600

1220 ! crezte data file'CALDAT* if not presant on current
tate

1230 on error gctd 1240 2 create "CALDATY",1,4096

1280 off error ? assign% 1t to "CALDAT"

1259 print# 1,1 ; C(,)

1260 ! close £ile tc¢ record data 21 tape

890




W yr——

1270 assigrn¥ 1 o *

1280 d=sp "calibra+ion data scored”

1290 disp "end program*
1300 clear 7

1310 szop

1329 =rd

1330 ! ccllect data

1340 { transfer autc spectrum dacza
1350 output 704 ;"1 TC 1 PM 1 AQ"
1360 S=SPOLL (704) 2 wai+* 500 @ if sS#4 <+hen 1360
1370 outpu* 704 ;"501SA"

1380 S=SPOLL (704) @ wai+ S00 @ if S#32 then 1380
1390 for I=1 to 16

1400 ! en*ter 5420 headzr information into ma<rix W
1410 enter 704 ; 9(1,1I)

1420 n=x
143) ! enter data in matrix A

1440 for I=1 o 256 @ an%ex 704 ; A(1,I) @ next I

1450 ! +ransfer cross spectrum data *o HP8S

1460 ou+tpur 704 ;"RS"

W70 S=SFOLL (704) @ wai< 500 @ if S%#32 <hen 1470

1480 ou+put 704 ;ncCa®

W30 S=SPOLL (704) @ wvait 500 @ if S#0 then 1490

1500 outpu* 704 ;m"501saA"

1510 S=SPOLL (704) @ wai= 500 @ if S#32 then 1510

1520 for I=1 to 16 @ entar 704 ; W(2,I) @ next I

1530 £oz I=1 to 256

1540 ! enter zeal cross spectrum da‘ta to matrix 'A!

1550 eater 704 ; A(2,I)

1560 ! enter imaginary cross spectirum data %0 matrix 'A!
1570 en+ter 704 ; A(3,0)

1580 n=sxt I

1590 return

1600 ! calculat=2 calibraticn vec*ar

(A1
[
&1
hy
[g]
wn

o+

T
-

1610 print "calculating"
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1620
1627
16472
fo5y
1661
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10
20
36
40
50
69
79
80

90

100
110
120
130
140

150

160
179
180
190
200
210
2290
230
2490

250

ARREYDIX B
DUAL-MICROPYO N2 COMPUTER PROGRAH

5420 si 704, plott=sr is 70S

1 3(2,) cross spectrum, real pact

1 A(3,) cIcss spectrum, imaginary par:

£ C(1,) calipration vector, real parc

! C(2,) calibratiorn vectsr, imagirary part

! RH real part of acoustical +transfer €funcrtion
! IH imaginary part of acoustical *ransfer
function

At reflectiocn coefficiant

! PHI () phase change

! RQ) impedance, real part

410 impedance, imaginary par=%

cp+ion base 1 @ dim A (3,256),A1(258),C(2,256),M(2¢56),
R (256) ,PHI (256)
! all follewing air constants and calculations are in SI

units

T3=295.15 ! temperature

G3i=1.4 ! specific heat ratio
P3=101325 ! air pressure
R3=287.0537 ! gas constant

C=SQR (G3*R3*T3) ! speed of sound in air
RO=P3/ (R3%T3) ! air density

ROC=ROx*C

assign# 1 “o "CALDAT" 3 read# 1,1 ; C{(,)

disp "enter number Of materials %o be measured";dinput
I3

for I9=1 20 I8 3 print "we will now measuce material #¢

119
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T

[}
AY

[\ ]
~3
(]

230

290
300
310
320
330
340
350
360

370
380
390
400

419

420
4393
u40
450
460
470

480
490
500
519
520
530
540

disp "i€ sample is r=ai

cutput 704 $"RS" O S=SPOLL (704) o w
<hen 2790

output 704 ;%"30,1 AV 1 CH S5 FR 2 3G 1.6 KY 5w 0 Cid 2 &C
AC 10 RG"

S=SPCLL (704) @ wal+ SJ0 2 1f 3540 tharn 2990

cutpus 704 "ST MR"®

S=SPFOLL (704) @ wai+t 500 » if S#68 <hen 310

disp "end daza collection™

outout 704 ;"1 FM 1 TC 1 ayn

S=SPOLL (704) @ wait 500 @ if S#U4 +hen 340

J=1 @ gosub 530

output 704 ;"RS"™ @ S=SPOLL (704) @ wai+t 500 @ if S#0
tken 360

cutput 704 ;"CR"

S=SPOLL (704) @ wait 500 @ if S#0 then 380

gosub 530

output 704 -;"RS" @ S=SPOLL (704) @ waiz 500 @ if sS40
+hen 400

disp "off to calculat*z! %his will take several

¥, press and lims® % imput 33
a

minutes®
gcesub 600
disp "press end line to store impedance datz on tape"
inpu*t a3
! the fsllowing statements save data on tape
c-eate "IMPDAT",256,24
assign# 1 €5 "IMPDAT" @ fox I=1 to 256 2 F=(I-1)%*D1 2
Tint#1,I;F,R(I) @ next I @ assign# 1 %o "IMPDAT2"
disp "end data collection for set";I9
next I9
disp "end progran”
end
! start da*a ccllecticen
outpu“ 704 ;"501sa"
S=SPOLL (704) @ wai+ 500 @ if S#32 <hen 540
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580

599
600
610
620
630
640
650
660
670

680
692
700
710
720

730
740
750
760
770

780
790
800
810

820
830

I~r I=1 =0 256 @ =2a==2r 704 ; A(J,I) &nex:t I & oTir=
"zuto-spactral data transferrzd" @ J=J+¢1 @ cCezurn
for I=1 t¢ 256 @ en*ter 730 ; A(2,I) @ entsr 704 ; A(3,I)
2next I @ print "cross-spectral data transferred"dreturn
! calculate impedance
disp "“calculating"
cz I=1 to 256
CI1=C(1,I)*C (1,I)+C(2,1)*C(2,1I)
TA=(A(2,I)*C(1,I)+A (3,I)*C(2,1I)) /C1
A(3,T)=(A(3,I)*C(1,I)-A(2,I)*C(2,I))y/C1
A(2,1) =TA
next I
! L is the distance from “he sample to “ha certer of
the farthest mic.
! S is the spacing between the microphone cen:fercs
! DV is the frequency spacing of the 5420 samples
S=.0459
L=.1142 » D1=6,25
f calculats transfez func+ion, impedance, reflection
coefficient and phase change
for I=1 to 256
F= (I-1) *D1
K=2*%PI*F /C
RH=A(2,I)/A(1,I) ? IH=A(3,I)/A(1,I)
AA=SIN (K*L) @ BB=SIN(K*{L-S)) 2 CC=COS(K*L) @& DD=COS
(K* (L-5))
IN1= BB-AA*RH @ RNI1=AA*IH
RD1=RH*CC-DD @ ID1=CC*IH
M2=RD1*RC1+ID1*ID1
R(I),RZ=(RNV*RD1+IN 1*ID1) /42 @ M(I) ,IZ=(IN1T*RD1-RN1%
ID1) /42
aD=(R2+1) /2
ID=IZ/2 D M=RD*RD+ID*TD
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840 RRHO=-(RD/M-1}) 3 IRHD=-(ID/Y)

850 A1(I)=5QR(RRHG*RRHO+IXA0O*IRHD) 2 PHI(I)=-ATNE (JRHJU,BRHO)

270 next I

830 ! plo* results

890 ploti=r is 705 @ lorg 5 @ F0=500 2 F1=1600

i 900 Yi1=~10 2 ¥Y2=10 @ S1=1

910 disp "resistance" 2 I=1 3 L$=" RESISTIVE" 2 Bf="

IMPEDANCE"™

920 gqcsub 1070 @ if 21 then 1020

930 Y1=-10 » Y2=10 3 si1=2

940 disp "“reac%ance @ I=2 @ L3=" REACTIVE" @ B3="
IMPEDANCE"

950 gosub 1070 @ if 21 then 1020

960 Y1=0 @ Y2-1.4 @ S1=.2

970 disp "rzflection" @ I=3 2 L3=" REFLECTION' @ E3="
COEFFICIENT"

980 gosub 1070 @ if Z1 -“hen 1020

990 Y1=-130 @ ¥2=180 @ S1=45

1000 disp "phase angle" @& I=4 @ L3=" PHASE" @ B3=M
ANGLE (DEG)"

1010 gosub 1070 @ if not 21 then gdoto 430

1129 disp "lowest Y" ;@ input Y1

1030 disp "highest Y" ;@ input Y2

1040 disp “increments of" ;@ input S1

1050 o=z I goto 910,940,970,1000

1060 ! plc=ting subzcutines

1070 disp "change paper and press 2nd lire";ainput a3

1080 Y0=(Y2-Y1)/7/25 d 3= (¥Y2-Y1) /7*1.9 a Y4=(Y2-Y10/7*1.6
@ 15=Y1-Y3 @ Y6=Y2+Y4

1090 1lorg 5 ? scale -(F1/5),1.16*F1,75,Y6 @ xaxis Y1,F0,0,
F1 @ yaxis 0,51,Y1,Y2

1100 Y7=Y1-Y3/6 @ ¥8=Y¥1-Y3,/2 2@ 1ldir 0

1110 for X=0 to P1 step FO @ move X,Y7 @ label VALS
(X/1000) @ next X

1120 move .4%FP1,Y8 @ label "FREQUENCY-KHZ"
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' 1130

1143

1150
1169
117¢
1180
1190
1200
1210
1220

1230
1240

*

for ¥=Y1 to Y2 st2p S1 @ move - (P1/20),Y @ latesl Vall
(Y) » nex+ Y
13iz PI/2 3 Y9=(Y2-Y¥1)/34%1 & move2 -(P1/12) ,Y% 3 lzz=z1
15,83 2 P9=0
f»r L=1 to 256 dtep 3
on I goto 1170,1180,1190,1200
P2=R(L) @ go*c 1210
F2=M(L) @ go*tc 1210
F2=A1(L) @ gcto 1210
F2=PHI (L)/P1I%*180
mcve F9,P2 @ F9=F9+3%D1 @ imove - (F1/500),Y0/2
idraw FP1/250,0 @ idraw 0,-Y0 @& idraw -(F1,/250),) @
idrawv 0,70
next L
disp "1 for redraw, 0 to continu2";d input Z1 @ -eturc:n
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