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I-

ABSTRACT -

The acoustic impedance of several Helmholtz resonitcrs
were msasured using two different t.chniques. The first

technique employed the conventional Standing Wave Tube
method. The second was the Dual-Microphone Transfer Function

method of J.Y. Chung and D.A. Blasec. The calculability of
the freque rcy dependent Helmholtz risonator impedar.c_

allowed the methods to be compared for both absolute accu-

rac7 and relative precision. The average relative precision
for the SWT technique was 4.2% while the average for the

dual-microphone technique was 18.4%.
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I. INTRODUCTION

Acoustic impedance tubes have been used fC-o manv years

to obtain complex accustic impedances, reflection coerfi-

ciants and phase information for nar.y different -ypes of

materials. The techniques used with the impedance tubes have

been many and varied. This study involves the compariscn of

the dual-microphone transfer function technique usel by

Chung and Blaser [Ref. 1] and the standing wave tube (SWT)

technique to determine their absolute accuracy and relative

precision. This work was undertaken as a prelude to the

extension of computer controlled impedance measurement -tech-

niques zo water.

4. IMPEDANCE MEASUREMENT TECHNIQUES

Many different impedance measurement techniques have

been used over the years. Beranek (Ref. 2] divides the
different techniques into three general categories, Surface

Methods, Transmission Line Methods and Comparison Methods.

This study looked closely at only two of the techniques,

however, scme of the other methods are worth mentioning as

background.

1. Surface Methods

These methods involve the measurement of the sound

pzessure at a point on the surfLce of interest and the

particle or volume velocity at the surface. Cook (Ref. 3]

did this using a short tube of a given radius and length and

a clamped-edge diaphram. He was then able to calculate thq

volume velocity and the average pressure over the surface of

the sample. Beranek (Ref. 4] presented a useful theory for

9



predicting the normal acoustic impedance of porous naizl

-: terms cf thei__ flow risisance, porosity and

dynamic mass of the gncoee qas.

2. Transmission Line Methods

By far, the most popular methods of impedancs meas-

urements fall into this category. The standing wave tube and

dual-microphone techniques in thia study aze incldud. 7h iy

will be examined in detail later. Aaother technique involv:?s

the measurement of the pressure-frequency rsonance curvS

and determining the curve width and resonant frequency. *

Harris [Ref. 5] (Ref. 6] discusses two of these me4hods

which are closely related to each other.

Finally, one additional method currently in use by

the U.S.Navy for making acoustical measurements deserves *

mentioning. (Ref. 7] This system is digi-tal and i-S used fo:

underwater acoustical measurements from 1 Hz. to approxi-

mately 2 MHz. This digital measuring system employes a

buffered video analog-to-digital conver:er and was primarily

designed to perform acoustical measurements using the Prcny

Method. (Ref. 8] (Ref. 9] The system uses a stable signal

and sampling source and 12-bit, 5 MHz., analog-to-digital

converter with a 4K buffer memory. A PDP-11/23 serves as a 5

ccntrcller as well as a signal processor for averaging and

amplitude and phase estimation.

3. Comparison Ljthods

These methods mainly involve the use of acoustical

bridges or reliable acoustical standards. Steward first

introduced [Ref. 10] the simplest and most rapid to use.

Later refinements fcllowed (Ref. 11] but suitible variable *

standards of acoustical resistance and reactance were diffi-

cult to obtain. The use cf reliable acoustic standards,

rigid wall ani an eighth-wavelength tube, was reported by

10



Flanders (Ref. 12] ir 1932. Howavec, ,ia-:hematicl-

tions were diff icut.

In -his srudy, the transmission line m_-ko -

comparison method arp combined by introducing a nw"

dard"1 the Helmholtz resonator. This star-ard ha_= t

advantage of having an easily calculable reactance which is

absoluts to withi.- one adjustable parameter. This .arameter
is fixed by the Helmhoiz resonance frequency which iz

easily measured to a high degree of precision and absolute

accuracy.

B. HISTORY OF DUAL-MICROPHONE MEASURING TECHNIQUES

Clapp and Firestone (Ref. 13] first mentioned the use of

two microphcnes in an article published in 1941. In -:his

article it was recognizel tha their equipment could be used

to measure the absorp:ion coefficient of materials. Latr,

Shultz [Ref. 14] published an article on the acoustic watt-

me-er and its application for' measuring absorption coeffi-

cients. During this time the use of the acostic wa-tmeter

fcr impedance measurements was little used since -he

standing wave tube (SWT) techniq.e was the most favored

met hod.

In 1977 Seybert and Ross [Ref. 15] published an article

which discussel an experimental tazhnique usjng twc micro-

phones and random noise a xcitatioa . This technique used

digital methods and the auto- and cross-spectra to determine
the normal complex :eflection coefficient cf a sample termi-

nating a tube. Fitally, in 1980, :hung and Bliser (Ref. 1]

published their article discussing the transfer function

technique for measuring in-duct acustic properties. This

technique also used digital methods and the auto- an

cross-spectra to determine the normal complrrx reflection

coefficient. However, the mathematics did not involve The

11



matrix-inversion used by Seybert a.id Ross and as a :7 u!-

the C'=D1tati43n we-= g~~:' -. 4~-

A two micrc-hone teschnique u-zn 4 4 -a p- Z - t

-h.a: random exci-sation an -alog rathe: tha- I

poocessing is described by Elliot. (Ref. 16)

C. PURPCSE OF STUDY

The above me thods have been used to measure numercus

materials of differing acoustic properties. However, ':h .

properties of these materials were not known zr calculable

to any reasonable accuracy. The aia of this study was to

determine the absolute accuracy of the dual-microphcne tech-

nique and its relative precisicn compared to the SWT tech-

nique as a prelude to the development of an impslance

measurement apparatus for use in water. A Helkholtz reso-

nator was used to acccmplish this comparisor.

12



0

Ii. COIMPARISON OF MEASUREMENT TECHNIQUES
0

Previous studies of impedance measurgmsnt techniques

involved the use of materials for which the impedance was

not accurately known. This study laals with impe.dance meas-

urements using a deimhoi-z resonat:rz as a ca'dlbie stan-

dard to dptermine the absolute accuracy and relative

precision of the two tschniques. I ,{eimholtz r:esonator was

chosen because its various acoustical parameta=ns could be

independently measured or calculated and then compared to

the experimental results.

A. THEORETICAL BACKGROUND

The term "acoustic impedance" can have different mean-.

ings for different situations. It is necessary to d-fine

exactly the different impedances involved ir. this study.

This is necessary to prevent confusion later when the rela-

tionship between the different impedances is used to deter-
Mine the calculated acoustical properties of a Helmholtz

resonator. Normally this is not necqssary since the specific

acousti: impedance and the acoustic impedance differ by a

constant with the dimensions of area.

1. Speic Acoustic Impedance.

The specific accustic impedance is defined as ths

ratio of acoustic pressure in a medium to the associated

Eulerian particle speed. [Ref. 17]

Z5 = p/u (2.1)

The MKS unit of specific acoustic impedance is Pa-s/m.

13



The specific acoustic impedance of a medium is a

real quantity for ola7, waves. HWev -r, this nc -- :---

the standing waves generated in an impeda:nce tube. For ths

casa, the specific acoustic impedance wil be copl-x a-nd

can expressed in the form

Zi = r + jx (2.2)

where "r" is -he specific acoust-ic rasStrc an d "x" is the

specific acoustIc reactance for the medium concerned.

2. Acoustic Imedancs

The acoustic impedance of a medium acting on a

surface cf arga "A" is the ratio of the acoustic pressure at

the surface to the vclume velocity at the surface (Ref. 17]

Z0 = p/U (2.3)

where U = uA if u is normal to the surface of area "A". The

MKS unit of acoustic impedance is Pa-s/M 3 , which is also

termed an acoustic ohm. The acoustic impedance and the

specific acoustic i.mpedance are related at the surface of

area "A" by

ZJ = Z,/A (2.4)

3. Mechanical Imped .e

The mechanical impedance is the ratio of the driving

force to the resultant particle speed at the point where the

force is applied (Ref. 17]

Z" = F/u (2.5)

The MKS unit of mechanical impedance is N-s/m, also referred

to as a mechanical ohm.

14



4. HemhoLtz REScnat o

A Helmholtz rr.sonator can be treated as a iumzei

parame-tr system. Vhe resonator consists of 1171 "7

with rigid walls and a neck of length ,'L" and cross-

sectional area "A". The acoustic pressure in the volume

provides th. lumped stiffness 'Is" if the wavelength is much

greater than the cube rcot of the volume. The fluid in th=

neck provides the lumped mass as 1ong as the wavelength is

much greater than the length of the neck. Finally, the

resistance is provided by the opening radiating sound, if

the wavelength is much greater than the square root of theS

cross-sectional area of the n.ck. An additional resistance

is introduced by visccus losses in the neck and irreversible

thermal conduction to the volume boundries if the compres-

sion of the gas is adiabatic and the walls remain isoth-

ermal. However, since these resistance sources are not

easily calculated from "First Principles", they are

neglected. The radiation resistanct_ "R " can be calculated,

however, its value is dependent upon the impedance of the

medium which changes. To get the viscous loss resistance

term the flcw field in the neck iz required. Therefore these

resistance terms are of little use in this calculation.

The fluid in the neck has an effective mass given by

(Ref. 17]

m =pAL' (2.6)

where "L' " is the effective length of the neck and is a

function of actual length "L" and the neck radius "-A" and

the flcw field in the vicinity of the oriface. The effFctive

mass is greater than the actual mass in the neck due the

radiation-mass loading at the ends generated by this

extended flow field. The stiffness of the resonator is

given by [Ref. 17]

s = (,oC4 c A / (2.7)

15



By driving the Helmholtz r9sona-tor with a scu-.d j'.-

c _ 9res-=ure amplitd. "P", the following equaticn or -

'.ward displacemsnt "x" sf the fluid i= the neck :,a.:

(Ref. 17 )

m-d + + sx = AP- eO (2.8)

This differental equation is the same as that for a driven

oscillator and the rechanical impedance of the Helmholtz

resonator can be expressed as (Ref. 17]

Z" = Br + j(0 m - S/,) (2.9)

where the mechanical reactance "X," is given by

X" = Wm - s/W (2.10)

Since the resonance occurs when X - 0, the resonant

frequency ",*" follows

= s/M (2.11)

Using equations (2.6) and (2.7)

The final result obtained from cancelli.ng terms is

a) = C (2.12)

It should be noted that nowhere in the derivarion of

equation (2.12) is any .estriction placed on the physical

arrangement of the Helmholtz resonator. Figure 2. 1 shows the

arrangement used for this study. As can be seen from

16



equation (2.12) arcd the figure, the resonazt frequency can

ta chang-d by changing the arsa of "rick"(diano tr , -

vcIume of the resonator (change depth h) or the -..

Recalling equation (2.10)

Xa =m - s/W (2. 10)

and by factoring out "m " and using equation (2.11), th. ' -?

following result is obtained

Since = 2rff the final form is obtainsd

X, = 2fm(f - f2/f)

where f is --he frequency in hertz. For convenience we define

X. = f - fs/f (2.13) •

so that

X., = 2VmX (2. 14) 2
it is now possible to derive the relationship

between the specific acoustic reactance "X, '' and "X,". Given
a resonator as shown in Figure 2.2, divided into sections 1

and 2 as inlicated and recalling equation (2.1) 0

ZS = p,/u, (2.15)

where P and u, represent the pressure and particle speed,

respectively, in section 1. This is the specific acoustic •

impedance of the medium in section 1.

Next using equation (2.5)

Z= Z F,/u, (2.16) 0

Converting F to a pressure at the boundary results in

17
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z"= AA (2. 17)

whe:e o, an! u. represent *h - oressur . and =art.c sl

=esD ectively, in section 2. AL is the cross-sscticna --

of the resonator neck. Since there is no physical boundary

between sections 1 and 2, the pressures on both sides must

be equal.

P, = PL = p

Also, the volume v.locities must be equal across the

boundry. Therefore

A. u, = As UL

u = u, (2.18)

Substituting equation (2.18) into equation (2.17)

and regrouping the appropriate terms results in

z = (f-) (.,)-) (2. 19)

Finally, iC can be seen that the quantity (p/u,) is just the

specific accustic impedance and the result is

-S- (2.20)

Since the impedances are composed of the resistive and reac-

tive parts, the reactive portions vary in the same manner.

Therefore,

& a- (2. 21)

I



It can be seen from equation (2.1) that

It should be noted that the two techaiques in this

study provide the values for specific acoustic impedarcs

normalized to the characteristic impedance "Ac". Therefore,

the preceding equaticn becomes

=2 ,m

and, finally, substituting for "Im" from equation (2.6) and

for "X,/X. " from equation (2.21)

-- (2.22)

As can be seen, this equation does not depend on

frequency and therefore remains constant as frequency

changes. For convenience this constant is called "KM" with

the subscript signifying the theoretical value for the ratio

of "X,/,cX," for a given Helmholtz resonator.

= (2.23)-Olt
o 4" has been reduced to an expressicn which

contains only directly measurable terms with the exception

of "L'", the effective length of the neck. However, by using

equation (2.12) "L'" can be determined from parameters which 0

are measurable by separate means. Later in this chapter,

"L'" will be looked at more closely for comparison with the

19



calculate -d "L for other Helmholtz resorna-or

c:nfiguratio o.

8. STANDING WAVE TUEE TECHNIQUE (SWT)

The standing wave tube technique provides a ccnvenien-

laboratory method for determining the absorption coefficient

and specific acoustic impedance of materials. The method,

however, is somewhat tedious when a large number of samples

is measured or measurements of a single sample are requirel
at a grsat number of frequencies.

1. Theory

The sample to be measured is placed at one end of

the standing wave tube. At the other is mounted a loud-

speaker. A microphcne probe is inserted through the loud-

speaker end and is attached to a microphone car. The car

moves such that the microphone probe is moved along the axis

of the tubc.
I pure tone signal is reflected from -.he sampl.. The

reflected wave interferes with the incident wave and a

standing wave is established. The microphone probe and car

arrangement allows fcr the location and acoustic pressure of

the nodes and anti-nodes to be measured. From the measure-

ment of these amplitude and phase characteristics, calcula-

tion of absorption coefficien: and specific acoustic

impedance of a sample is possible.
From reference 6, the following are the equations

needed for the determination of the desired acoustic

para meters.

__ = -iF"";--.---raei-- (2.24)

where
2i

20
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cot - (2.25)

and

1 (2.26)

Qm-I d 5 aze th1e maximum a: I inin'.zn PZ=essuj~s i- ths

s-.anding wave tube and "d" is the distance to the f irs-:

pressur- minimum (node) from the sample. (NOTE: The micro-

phone output voltage is the actual measurement made since

only the ratio of the prqssures is required)

2. ggsui2jen t Set-up

Figure 2.3 is a simplified representation of the

equipment used in th. standing wave tube technique. It

includes the Bruel and Kjaer Standing Wave Apparatus Type*

4002, a HP 302A Wave Analyzer and aa amplifier and frequency

ccunter.

a. Bruel and Kjaer Type 4002 Standing Wave

Apparatus

The apparatus is designed for easy and quick

evaluaticn of acoustic materials by the standing wave

m-thod. A major advantage is that relatively small circular

samples (10 cm. in diameter) are all that are required.

The tube used had an interior diameter of 10

cm., which covered a frequency range of 90 to 1800 hz. The

lower limit was set by the length of the tube and the upper

limit determined by the cut-off frequency for the !cwest

non-plane wavemode of the tube. [Ref. 18] Two sample p

holders were also used with fixed depths of 1 in. and 2 in.,

respectively. The bases of the holders were very thick to

present as rigid a termination as possible.
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The uicrcphone in the microphone car is a snai.

dynamic micrcphinq cf ad=aua-e freqaiency rana z q

standing wav-3 tube method. It is isolat sd by 1 s -

supports i, the car -:o reduce the a fc t s f ext-_na.

airbcrne noise and impact sound or vibration.

b. Hewlett-Packard HP 302A Wave Analyzer

The Hewlett-Packard mc3.l 302A wave analyze: is

a tunable voltmeter of high sensitivity over the frequency

range of 20 Hz. to 50 kHz. The wav- analyzer in the BFO mcde

of operaticr becomes an audio signal gsnerator combined with

a tuned voltmeter. Further, since the tuned voltmeter has a

very narrow pass band (6 Hz), noise and harmonics of the

signal have very little effect on the voltmeter reading.

3. 1x=jtj rceue

The standing wave tube technique was used in several

different experiments. It was used with a rigid end as h

sample to measure the "acoustic" end of the microphone probe

tube and the sound speed. It was also used to determine the

resonan- frequency and reactive impedance of three Helmholtz

resonators. Taole I shows the physical dimensions of each of

the rescnators.

a. Data Collection

In all of the experiments the data was collected

in the same manner. However, in the first experiment (-4gid

end) the only data collected was the location of the firs-

two nodes and the frequency of the signal. Table iI shows

this data.

For the experiments involving the Helmholtz

resonators the values of the maximum and minimum microphone

cutput voltages were obtained in addition to the frequency

and node locations. This data was placed in Tables III-V
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TABLE I

IHelmholtz Resonator Physical Dimensions

p scnator yqlnu I gk Dieameter Neck Length
no, CM. cm. Cm.

1 195.52 2.52 1.27

2 381.01 2.52 1.27

3 195.52 3.46 1.00

b. Data Reduction

In the first experiment, the mc-asured distancc_

between the two nodes was used to calculate the wavelength.

From this, the quarter-wavelength was det-?rmined end S

compared to the distance from the sample to the first nods

as measured by the microphone car. Since the "sample" was a

rigid end located 5.00 cm. from the measured end of the

tube, the two distances should have differed by 5 cm.

Additionally, the wavelsngth and the frequency were used to

calculate the sound speed in the tube for each frequency
measured. These results are shown in Table Il The average

value of " d" suggests that the "acoustic center" of the

probe tube is 1.7 + .5 mm. ahead of the physical end of the

probe tube over the frequency range examined.

For the experiments involving the Helmholtz

resonators, the reduction of the data was somewhat •

different. The wavelength was datermined by one of two
methods depending upon whether two nods locations were

23
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I TABLE II

I Standing Wave Tube Sound Speed Data

I Frea. First Min. Seg. Min. (ALZ) c

Hz. cm. cm. cm. cn. cm./s.

299 23.90 81.74 28.93 5.03 34588
400 16.80 59.95 21.58 U.78 3a520
600 9.58 38.38 14. 40 4.82 34560
800 5.96 27.53 10.78 4.79 34512I 1001 3.84 21.03 8.60 4.76 34141

1197 2.19 16.91 7.35 5.16 35249
1402 1.40 13.64 6. 13 4.73 34321 1
1599 0.54 11.36 5.40 4.86 34602

Fiveage 4.87 34595

deviation .150 277

I per cent 03.08 0.80 II

measurable. In those cases wI'ere two or more9 node locations

were measurable, the distance between t h sm was us-ed to

calculate the wavelength. At the lower frequencles where

only one node was measurable, the wavelength was determiA'ned

from ths frequency and the average sound speed found during

the experiment. It shc'ild be noted that an attempt was made

to use the location cf the measurable anti-node -c determ.ne

I*

wavelength. However, this measurement was too inaccurate due

to the nature of the waveform being measured. At the

maximum, the values of amplitude are changing very slowly

(second crder) so that the measurement of the exact location

I*

of the maximum was very difficult. On the other hand, at the

nodes, the values were chareng more rapinly (first order)

and the location could be easily and precisely determined.
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Standing Wave Tube l1asured Data - Resonator #1

rFXe. First in. Sec. "lin. Third Min. Maximum
Hz. cm. uv. cm. uv. cm. Uv. my.

I 250 31.75 65 2.20
350 20. 85 50 69.70 60 1.30
400 16.65 260 59.69 260 4.80
450 12.30 140 50.40 130 89.20 175 1.80
500 6.70 450 41.20 460 75.30 520 2.80550 1.70 240 30. 35 290 61.65 190 1.60
600 .55 200 22.50 180 51.30 185 1.78650 .10 200 18.4O2 140 45. 10 165 2.60

i 700 15. 90 34 40.64 31 1.00I 750 14. 20 90 37. 15 100 5.201000 9.75 30 27. 15 20 3.40
1250 7. 60 5 21.40 5 1.95
1500 6.75 25 17.90 5 2.50*I "___ _ __ _"_ _

I ,

TABLE IV

Standing Wave Tube Measured Data - Resonator #2

Freg. First M111. Sec. jiP. Third Min. Maximum I
Hz. cm. Uv. cm. uv. cm. uv. my.

250 27.98 1750 22. I
300 19.69 335 76. 72 330 2.90

*350 10:12 1618 59: 32 1870 8:45 1
40 1.59 800 40.:94 915 84:65 35 4.354o 0 o o .3 480 29. 90 615 68:5 565 8.00

500 0.00 164 23. 96 75 58.64 128 2.88
750 13.53 24 36. 35 52 59.50 38 2.911000 9.75 13 26. 96 15 44.33 39 2.43
1250 7.14 24 21. 71 43 35. 12 88 2.00
1500 6.32 30 17. 93 10 29.37 42 4.42

2 I
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I TABLE VII

ITLEStanlding Wave Tube Mazuzrs! Data - R-sosat-: r

I _rg. First M1in. Sec. Min. Third Min. lximum

Hz. cm. my. cM. my. cm. my. my.
I

200 41.61 3.20 51.5
250 31.74 29.5
300 26.20 2.90 83.95 3.15 55.5
3 0 21.51 3.90 70.04 3.30 65.5
400 18.42 10.0 61.49 9.40 178

I 450 16.17 1.52 54.44 1.70 26
500 14.26 4.05 48. 19 3.40 82.21 4.05 61.5I 550 1 1.10 5.40 42.92 5.30 73. 68 5.60 68.5

I 600 9.18 2.05 37.66 1.98 66.69 1.70 24.0
650 6.43 6.05 32.79 6.15 60.39 6.10 46.2
700 4.28 4.00 28.62 3.95 52.94 3.80 26.3

I 750 2.29 2.90 24.54 2.55 47.49 2.64 15.4
800 19.07 3.95 40. 41 4.25 62.37 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
1 1250 8.22 .60 21.86 .45 36.08 .52 24.6
I 1500 6.53 .65 17.96 1.40 29.49 1.13 60.5

After the wavelength was determined, it was used

to scale the distance to the first node (Table VI). These

values were plotted versus the frequency (Figures 2.4-2.6).

The first two points above resonance were also plotted as

d/A - .5 (2.27)

A linear regression was then used with the two data points

both above and below resonance to determine the resonat

frequency "f ". The resonant frequency for each resonator is

also shown on Figures 2.4-2.6.

Once the resonant frequency was obtained, "X',"

was calculated for each frequency using equation (2.13). 1X,

/,oc" was then calculated using equations (2.24-2.26).

Finally, the ratio of /Xfoc"I to "K '" (K,0 ) was calculated

for ccmparison to the theoretical value (K,) det.--mined from
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TABLE VI

Standing Wave Tube I/j Data

Rr_. esonator #1 Resonator _2 Resonator . 3

Hz. d /A dA d/A

200 .2416
250 .2437 .2015 .2303
300 .2201 . 1726 .2268
350 .2134 . 1028 .2214
375 . 0397
400 .1934 .46831::0317) .2138
450 .1585 3865(-. 1135) .2113
500 .0954 .3454 .2099
550 .4848 -. 01521 .1774
600 .3906 1094 .1596
650 .3452 .1192700 .3213 .0880
750 .3094 .2943 .0507
800 .4404,( 05961
850 .4039(-" 09611
900 3754

1000 .2802 .2820 .3382
1250 .2754 .2688 .2950
1500 .2706 .2751 .2844

equation (2.23). Tables VII-IX list the experimental values

for each Helmholtz resonator.

c. Error Analysis

Before an analysis of the errors could be

attempt-ed, it was necessary to identify all of the sources

of the errors. The errors were a result of -he measurements

of the voltage (P,,, ard P,,) , frequency and distances tc the

nodes.

Recalling equation (2.25)

Scoth (p 6 -- ) (2.25)
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TABLE 711

standing Wave Tube Reduced Data - Resonator I I

4= 542.7 ilZ.

Hz. cm./s Pa-s/ s x 10-3 I
250 32059* -7.39 -928.1 7.96 1
350 34195 -4.15 -491.5 8.44 I
400 34432 -2.63 -336.3 7.82 I
450 34605 -1.52 -201.5 7.43 1
500 34800 -. 658 -89.05 7.39 1
550 34430 .094 14.50 6.48* 1
600 34560 .807 109.1 7.40 I
650 34684 1.45 196.9 7.36 I
700 34636 2.37 279.3 7.41
750 34425 2.55 357.3 7.14 ,
1000 34800 5.21 735.5 7.38 I
1250 34500 6.22 1014 6.13 I
1500 34650 7.70 1304 5.90

average 34560 average 7.57 III
deviation 174 deviation .39 I

p.r cart .50 per cent 5. 15
* Values not used for the calculation of the av-rag . I

I

it can be seen that for the values of "P,*;' and ", "

involved, SWR is small and therefore, an error in the

standing wave ratio (SWR = ) has lit4e effect on the

cvezali calculations.

Looking at equation (2.24)

-- (2.24)

and taking into account that is small, equation (2.24)

then reduces to

S- = ,

28
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TABLE VIII I

Standing Wave Tube Reduced Data - Resonator #2

f= 387.8 Hz.

!;eaqencI K J62Z1
Hz. cm./s. Pa-s/m s-I X 10- 3

200 34 392* -3.86 -531.9 6.99 11 250 344* -2.43 -351.o 6.91
300 34542 -1.46 -201.3 7.25

' 350 34447 -. 563 -79.69 7.06
375 33563* -.070 -26. 04 2.69*
430 34296 .258 24.03 10.74*
450 33516 .745 115.8 6.43
500 34620 1.55 199.2 7.78
550 34557 2.08 276.6 7.52
600 34398 2.35 349.4 6.73
650 34437 2.80 418.6 6.69 1
700 34503 3.23 485.2 6.66

1 750 34508 3.72 549.5 6.77
I 1000 34560 5.49 849.6 6.46

1250 34913 8.51 1130 7.53*
1500 34470 7.11 1400 5.08*II average 34444 avsrage 6.94

I deviation 314 deviation .i1

per cent .91 per cent 5.9

*Values nor used for the calculat-ion of the average. j
Or

or-

away fiom resonance.

On the basis of this result, it was determined

that the best data was obtained in the regions just away

from resonance for the following reasons. First, since tan

goes tc zero at resonance, "V4" terms begin to dominate and

the errors in " U" become large when compared to
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TABLE IX

I Standing Wave Tube Reduced Data - Resonator #3 I

f,= 773.0 Hz.

Hz. ca. /s. Pa-s/m s-' x 10-3

200 -7.86 -2763 2.81
250 -6.93 -2140 3 .24
350 33999 -5.03 -1357 3.71
300 3446 -5.02 -1694 3.384

5033975 -36 9 .2- I

600 34506 -1.50 - 396 3.79
I 650 35074 -.870 - 269 3.23

700 34062 -. 600 - 154 3.90
I 750 33900 -. 313 - 46.7 6.70*

800 34640 .427 53.1 8.04*
850 34765 .616 147 4.19I 900 3455 1 1.06 236 4.4,9 I

1000 34510 1.58 402 3.93 1
1250 34825 3.97 772 5.14 I
1500 34440 4.69 1102 4.26

I average 34451 average 3.74

deviation 327 deviation .47 Ii i
I per cent .95 per cent 12.6 I 4I I
I *Values not used for the calculation of the average.I I
I I

Secondly, as the frequency gets further from resonance ths

cotangent function gets larger and the errors also get

larger. It was for these reasons that some of the lata in

Tables VII-IX were dqlated for the calculation of the

averages.

This completes the discussion of the stardina

wave tube technique. The final results will be examine,'

later in this chapter along with those for the Chung-Blaser

dual-microphone technique. One additional experimental

technique needs addressing. The resonant frequency of each
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Helmhcltz resonator was measured independently of ai-her
methcd. This was lone using a sianal generator and 5-.-

to exci-e the resonators. Using a small micropho - -

resonators -o detect the pressure changes, the inl ,3 i r -
ator was tuned to the frequency which resul.ei in zhe
greatest pressure in the resonators. These rascnant

frequencies were 549.5 Hz. for resonator 1, 396.5 Hz. for
rascna:cr 2 and 795.0 Hz. for resonator 3.

C. CHUNG-BLASER DUAL-MICROPHONE TECHNIQUE

The dual-microphone technique developed by Chung and

Blaser p=ovides a quick method for measuring the acoustic
impedance and reflection coefficient in the laboratory.

However, as will be shown later, the technique suffers scme

degredation in arcuracy compared with the results obtained
by the SWT method.

1. Theory

Chung and Blase: have shown (Ref. 1] that the

complex reflectin coefficients at the two microphone loca-
tions can be expressed in terms of the transfer functions of
the incident and reflected waves. This expression is

= (2. 28)

where R (f) and R, (f) are the complex reflection coeffi-

cierts evaluated at the first and second microphone lcca-
tions, respectively. He(f) and Hr(f) are the acoustic
transfer functions associated with the incident and

reflected wave components, respectively, evaluated at the
two micrcphone locaticns.
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For plane wave propagation (no mean flcw)

neglecting wall losses, H,.(f) and H,(,-) can b- exp-z-c--. 7-c

H , (f) = e"j kx (2.29)

and

H, (f) = e (2.30)

where "k" is the wavenuaber and "s" is thm zicrophone

spacing.

Application of equation (2.28) results in the

reflecticn coefficient "R" on the surface of a sample

material no: at a microphone location being expressed as

--R = 'r (2.31)

wher e
.H'. = e "JkI 2.2

H (2. 32)

and

H ki (2.33)

and "I" is the distance from the first microphone to the

surface of the sample material. Using equations (2.31-2.33),

the reflection ccefficient at the sample is

= R, e I  (2.3L4)

where [Ref. 1]

RI,-f " , (2.35)

H,x(f) is the acoustic transfer function between microphones

1 and 2 and H, (f) and H,(f) are the transfer functicts of
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the incident and reflected waves, rspectively, bo-veer nh=

two micr-phcne locations.

Us!-4 th = standarl rslation between :eflection c-.:-

= <(2.36)

and the relationships in squations (2.34) and (2.35), the

complex specific acoustic impedance can be dete.rmined at a

distance "1" from the first microphone [Ref. 1]

4C COS Ck (-s)]- //.dAos(Al) (2.37)

where

- - A'~ 1) ~ L~O~ - (2.*38)

H,(f) can be expressed as

H'#& (f) =etA (2. 39)

where C1, and Q.. are the real and imaginary parts of -the

cross-power spectrum of the signals at microphones I and 2.

S,/ (f) is the auto-power spectrum of the signals at

microphone 1.

Finally, Seytert and Ross show (Ref. 15] that the

phase change upon reflection is given by

t0

= tan-' C,,,<'-)J (2. 40)
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where Q , and C,., are the imaginary and real parts of th=

cross-zwer sDsctrum of the irnciden- to :eflecd wavt.

2. E~iioment Set-utm

Figure 2.7 shows a simplified diagram ct -:hs

Chung-Blaser dual-microphone technique equipment set-up. At

the canter of the system are the Hewlett-Packard HP-95

computer and HP-5420 Signal Analyzer System.

a. The Hewlett-Packard HP-85 Computsr

The HP-85 computer is an 8 bit microprocessor

which uses the BASIC computer language. It has 16K byt.s of

read/write memory of which 14,579 bytes are available for

use by the operator. The unit used in the study had its

memory expanded to 32K bytes by a memory module. The unit

has a mass storage capability in the form of a magnetic tape

reader/recorder. It also includes a 127 millimeter diagonal

black and white electromagnetic deflection CRT and a 32

character per line thermal printer/plotter. To interface

with other equipment, an I/O ROM and interface card were

added to provide HP-IE (IEEE-488) i.terface capability.

b. The Hewlett-Packard HP-5420 Signal Analyzer

The Hewlett-Packard RP-5420A Signal Analyzer

provides digital time-domain and frequency-domain analysis

of low frequency analog signals. The HP-5420A system

includes the HP-5447B Digital Filter Module, HP-54410AL

Analog -o Digital Converter, HP-5443A Keyboard and Control

Module and -he 5441A Display Module. The equipment used in

this study also included in HP-10920A HP-IB interface acces-

sory. This allowed its use with in HP-IB controller. It

allowed the transfer of data and measurement set-up infcrma-

tion to pass to and from the controller and allowed the

reception of remote ccntrol commands. Using the controller,
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the data was modified, processe., saved and r-ac-led

resi!ting in hiqh de.qrZS Cf flsx:Ditli-v.

The? HP-520A Signal Analyzr performes a va--

of time-dcmai: ani f:equsncy-domaia mzsuement. .
uremen-.s are done using digital signal prccessing. This

involves filtering and sampling the input waveforms. The

analog input is first filtered by a lcw-pass filter and ther.

rassed -c an analog to digital converter. Here, the waveform

is sampled which results in the conversion of a voltage(at a

csrtain point in time) into a numerical representaticn.

These numbers are then filtered and processed digitally to

produce the various measurements preformed by the analyzer.

c. The Impedance Measuremeat Tube

The tube used in this part cf the study was a

piece cf 3 inch inside diameter PVC pipe 12 inches long with

a 3 inch loudspeaker mounted at oae end. Two holes were

drilled in the tube and fitted with 7/8 inch Tygon tubing to

hold ths two microphones. The first was located 11.42 cm.

from the sample end (opposite the loudspeaker) and the

second was located 4.59 cm. from the first. The distances

were measured to the center of the microphones.

The microphones used were General Radio 1962 1/2

inch electret-condenser microphones. These microphones have

a sensitivity level of -40 dB re 1 v/Pa and have typically

flat response curves from 20 Hz. out to 1800 Hz. which cover

the frequency range of the study.

3. E Procedures

The dual-microphone technique was used to determine

the resonant frequency and the reactive impedance of the

same three Helmholtz resonators used with the standing wave

tube technique. A major difference between the two techni-

ques made itself known almost immediately. The tims to

collect and reduce the data was vastly different.
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a. Micorophone Calibration

T.ae two uCohn/rapi~ ~:e

be caiiratzd for -phase and amplitude diflfezences
use for the actual measureme-ts. Th;! techn-iqe assd f:this-

calibration was to place both microphones in identical sound
fields and record any frequency-dependent phase? and ampJli-
tude differences. This calibration data was then used by theS

comoutar to cond-itioz the dzxza pri.oz to the c =culatic: of
reactive impedance, phase angle and complex :eflection coef-

ficient. In thIs manner, the effect of diffsrences between
the two microphone channels on the data was m-ni4miAzed.
Additionally, this method also allowed for imbalancpes in the
A/D converter channels of the signal processor.

The identical sound fields were obtained by

mounting ths two microphones at the same radial position at

the sample end of the tube. ThIs was based on the assumption
that ths sound field is radially symmetric at frequencies

belcw the sloshing mode. This frequency is given, by

(Ref. 18])

fe =o. ~/ d (2.41)

where 'lca, is the solution to

= 0 (2.42)

an d 11d" is the diameter of the tube. The sloshira mode

corresponds to "~which is equal to .5861. This results in
a cut-off frequency of 2650 Hz. The calibratiJor program1
used is given in Appendix A.

b. Validat'Lon of Tube Performance

After calibration of the microphone channels,1

the micrcphcnes were placed in the normal positions in the
wall of *he tube and the proper operation of the system was
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verified. A 4.03 inch long piece of PVC pipe with th samc

d Ja T.e t s p Zov 1d e, it h a -7 v sve n

a sample impeIanze. T- e x ate rsults w _ -

ccefficiant of 1 atd a known phase cnaaa. eaa al

~ (2. L3)

The results are shown in Figures 2.8 and 2.9 Figurs 2.8

shows that the reflection coefficient is approximately I for

frequencies below 2.5 k~z. except at 1.5 kliz., were the

phase goes through 0 degrees yielding an indet-rminancy S

which is discussed in section e. which follows. Above 2.5

kHz. non-plane wave modes degrade the results. The measureA

slope of the phase shift versus frequency shown in Figure X

is -53 degrees + 1 degrse. Using equation (2.41), this slope S

produces a sound speed of 356 + 1.34 r/sec, which is consis-

tant but significantly higher than the average of the four

values obtained by the SWT technique listed in Tables

I:,VII-IX (c = 345.12 * .38 m/sec).

c. Data Collection

Each of the three Helmholtz resonators was

placed at the sample end and the data collected. The data

was tabulated in Tables X-XII. The collection and recording

of the data was done completely by :he computer and the

program is given in Appendix B.

d. Data Reduction

After the raw data was collected the first step

was tc determine the resonant frequency of the Helmholtz

resonator. The data collected allows this to be done in twc

different ways. Both were used. First, the specific reactive

impedance "Xi /Ac" was plotted versus the frequency ard a
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TABLE X

Dual-M icrophone deasured Data - Resonator #1 Run 1

f, 587.3 + 2.2 Hz.

Ma3 Phase kna!=. 360 + rhas n

Hz. Pa-s/m deg. deg.

250 -5.87 0 360
350 -2.83 - 23.9 336.1
400 -1.91 - 41.7 318.3 1
450 -1. 23 - 65.6 294.4 1
500 -. 671* -105.2 254.8 1
550 -. 256* -147.6 212.4 1
600 .1 14* 166.2
650 .395* 135.6
700 .676 110.7
750 .919 93.9

1000 1.86 55.2
1250 2.66 43.2
1 500 3.03 36.5

Run 2 f,= 590.6 *- .2 Hz.

F_ lsc Is_ e Anle 36O + Phas _g.n I

Hz. Pa-s/M deg. deg.

250 2. 13 19.2 379.2
300 -1.58 - 8.4 351.6
350 -2. 14 - 27.4 332.6
400 -1.64 - 52.2 307.8
450 -1.07 - 78.6 281.4
500 -. 591 -113.5 246.5
550 -. 224 -152.6 207.4
600 .076 170.8
650 .350 140.3
700 .629 114.6
750 .890 96.0
800 . 19 79.9
900 1.52 66.5

1000 2.22 47.8
1250 2.96 37.1
1500 3. 17 34.9
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linear regression was used done using the two poin-s on
......e.. irg_. (4 pointo trita!} who- -h: --

tiv .i mreaca was equal to zero. This gives th-

_eur:r. cy s Inc 3 .he react.ve impe ac, or_ a -esz--. e S':

zsr=z a- resonance. The graphs and resonant frlqulncis for

each rescator are shcwn in Figures 2.10-2.14

The second method for determining the rtscnan-

frequency i-VOl)7d the use of the phase angle b-tween th-

incident and reflected waves. When the phase angle was

plotted versus frequency (Figures 2.15-2.19) rsonance was

cbtained from the graph at the poiat where the phase angle

was 180 degrees. Again a linear regression was used with thq

2 points or. either side of the 180 degree phase angle.

Figures 2.15-2.19 also show the frequency determined. The

:esonant frequency used in subsequent calculations was the

average of the two frequencies determined from the two

methods. The reproducibility of the results can be estimated

from the ratio of the standard deviation to the average for

the four (two) sescarate measurements of the reson an-

frequencies for rescnators 1 and 2, which were 0.5T and

2.0%, respectively.

Once the resonant frequency was datermined, it

was us.d alcng with equation (2.13)

= f-f/f (2. 13)

to obtain "X',". Using this along with the reactive impedance

ratio "X1/pc", the experimental value for the ra-io

S= -- "" - (2. 42)
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TABLE XI

Dua1-Microphone Measured Data - Resona', or #2 Han 1

f:=L435.8 + 3.8 Hz.

FrPs. Anql - 360 + Pi A':.

Hz. Pa-s/m deg. dag.

200 .215 7.5 367.5
250 -4.24 - 1.6 358.U
300 -. 151 - 8.3 351.7
350 -. 436 - 47.3 312.7
400 -. 206 -121.7 238.3
450 .100 164.6
500 .386 133.0550 . 667 109.7
600 .893 94.8
650 1.07 85.0
700 1.27 76.0
750 1.40 70.
800 1.60 63.8900 1. 84 56.7

1000 2.12 50.1I
1250 2.57 42.2
1500 2.83 38.1

Run 2 f*=421.7 + .3 Hz.

Frea. X,4oc Phase Anq1- 360 + Phase Ar.

Hz. Pa-s/m deg. deg.

200 .163 1.6 361.6
250 -2.03 - 41.7 318.3
300 -. 987 - 87.4 272.6
350 -. 434 -132.5 227.5
400 -. 082 -170.5 189.5
4 50 .171 160.0
500 .412 134.4
550 .593 116.9
600 .813 100.7

.650 993 89.8
700 1. 27 75.7
750 1.50 67.1
800 1.78 58.4
900 1.91 54.8
1000 2.65 41.2
1250 3.35 33.2
1500 3.38 33.0

04
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TABLE XIII
Duai-Aicrophc-e Maasur.i Daa - Resonator 43

i1 

= 947. 1 + 1.0 Hz.
2 hase An !: 360 + Phasm. An. I

I Z. Pa-s/m deg. deg.

400 .719 22. 1 382. 1

450 .174 5.6 365.6
I 500 -. 039 - .9 359.1550 -. 597 - 15.4 344.6

S 600 -1.01 - 25.4 334.61
650 -1.06 -34.6 325.4

S 700 -. 921 - 56.4 303.61

750 -. 834 - 69.4 290.6
I 800 -. 625 - 94.6 265.4

850 -. 380 -126.9 233. 1
t 900 -. 201 -150.7 209.3

950 .048 173.5
1000 . 196 155.2

I 1050 .385 135.5
I 1100 .571 119.1

1200 1.05 86.5
1300 1.34 73.0

I 1400 1.57 6a.7
I 1500 1.69 61.2
I
I - -. I

was calculated for comparison with the theoretical value

obtained from equaticn (2.23)

K (2.23)

Tables XIII-XV show the results foc "K," for each of the

rescnators tesze .
e. Error Analysis

The Chung-Blaser dual-microphone technique had

some inhe-ent errors built into it by virtue of the equip-

ment construction and mathematical techniques. First, the

. . . . . . . .. . . . . .. . . ... . . .. ... ... . . I II mil . .. .. .. .
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TABLE XIII

Dual-Microphone Reduced Data - Resonator #I Ru

S-1
I

Hz. sx 10- 3

250 -1142 5. 14*
350 - 644.2 4.39 a
400 - 470.0 4.06
450 - 323.3 3.80
500 - 196.0 3.42

I 550 - 82.7 3.10*
600 20.0 5.69*

I 650 114.6 3.45
700 202.9 3.33
750 286.0 3.21 1

1000 652.0 2.85
1250 971.6 2.74

I 1500 1268 2.39

I average 3.52

deviation .79

I per cent 22.4

Run 2

I F__req__ency _i1 g,,p

I Hz. s-1 x 10-3I

250 -1146 1.86*
300 - 863.1 1.83*

I 350 - 646.9 3.31
I 400 - 472.3 3.47

450 -325.4 3.29 I
500 197.9 2.97
550 - 84.4 2.65*
600 18.5 4.12*

I 650 113.2 3.09
700 201.5 3.12
750 284.8 3. 13
800 363.8 3.27
900 512.3 2.97

1000 651.1 3.41
1200 909.2 3.26

I 1400 1151 2.75

average 3. 17

leviation .21
I per cent 6.62

*Values not used for the calculation of the average.

(4
42

S



I

TABLE XIV

Dual-M1crophone Peduced Data - Resonator *2 ?'n I

r

Hz. s-t X 10- 3

200 - 749.6 .29*
250 - 509.7 8.32*
1- 333.1 2.25I
350 - 192.6 2.26
430 - 74.8 2.75
450 28.0 3.58*
500 120.2 3.21550 204.7 3.26
550 283.5 3.15

60357.8 2.99
750 428.7 2.96
700 496.8 2.82

70 11562.6 2.84
96689.0 2.627900 810.1 2.67

1000 1042 24

1400 1264 2.224
average 2.79

deviation .33

per cent 11.8

Run 2

Hz. s-1 X 10- 3

200 689.6 .24*
S461.7 4.40*

300 293.1 337
.350 158.3 74
400 - .8 1.83*50 54.6 3.13
500 144.2 2.86
550 226.5 2.62

600 303.5 2.69
650 376.3 2.64
700 445.8 2.85
750 512.8 2.93 
800 577.6 237 8
900 702.3 2

1000 822.1 3.22
1200 1052 3.18
1400 1273 average 2.66

Ieviation .25

par cant 8.59

*Values not used in the calculation of the average.
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TaBLE XV

Dual-i4icrophcne Reduced Data - Resonator e3
Frecuec _X

Hz. s-I x 10- 3

I 400 -1844 .39*
450 -1545 .11*
500 -1295 .03*
550 -1082 .06* 1
600 - 895.9 1.13
650 - 730.9 1.45 1
700 - 582.2 1.58 I
750 - 446.8 1.87 1
800 - 322.0 1.94 1
850 - 206.0 1.84 I
900 - 97.3 2.07
950 5.2 9.24* 11000 102.4 1.91
1050 195.2 1.97
1100 280.0 2.01
1200 452.0 2.32 I
1300 609.6 2.20 I
14)0 758.9 2.07
1500 901.6 1.87

average 1.91

deviation .23 1

per cent 12.0

* Values not used in the calculation of the average.

construction of the tube limits the range of frequencies

over which good data could be obtained. The diameter of the

tube determined the upper limit of measurable frequency.

Since the tube was valid only for a plane wave, the frequen-

cies measured had tc be below the cutoff frequency for the

tube. For the tube used in this study the cutoff frequency

was approximately 2600 Hz. The construction of the tube also

limits the effectiveness of measurements at the lower

frequencies. The critical parameter in this case is the

spacing between the microphones. FDr a given separation as
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the wavelsngth gets longer (frequeacy lower), ths diffs:-

encis the phase and amplitud-s at the two :7,;

locations btcame small and th =_ noise dominate. T

fequency m fm- r the t oe was abou: 200 Hz. 0

Finally, the mathematical technique zes:-lt-s ir

an indeterminacy in the reflection coef ficien- . This

ccc-irred when the phase angle was equal to zero. Whe= ".his

cccarra:l iquation (2.3) :educed no •

R = 0/0

which is indeterminant. The result was that data obtained

for thR frequencies about 50 Hz on either side of -he pcint

where the phase angle equalled zero was greatly in error.

D. CCMPARISON OF THE TWO TECHNIQUES

The :wc -techniques wre consistant with each cther ani

with the excected theoretical values. Fi-st, the te-chnigues

will he locked at fcr comparison with the the theoretical

r-sults and then for ccmparison with each other. S

1. Sta njln Wave Tubs Technicu.

Figures 2.20-2.22 show the comparison of the experi-

mental and theoretical values for "X,//oc". The theoretical

values were obtained using "K%, (ega. 2.23) and the calcu-

lated values for "X," (Tables VII-IX). These wore tabulated

in Tables VII-IX As can be seen in Figures 2.20-2.22 the

values compare favorably with a divergence noted at the B

higher frequencies away from Lesonance. This divergence was

explainsd in the error analysis in section B.3.c.

Table XVI shews the resonant frequency and both

constants for each resonator, along with the resonant •

frequency determined by the independent method discussed in

section B.3.c. As can be seen, "K..," and "K." were within
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the calculated error for each. The average per cent sr:o

bes:ween the t's 7alus f=.D I, wm"K fcu..i t hb .

the standing wave tut. tichn-"gu-.. . rhe averaga pe- c -iz :2...

for the rescnant frequency was founi t3 be -2.23 .

2. Chung-Blaser Dual-Mictophoae Technigue

Figures 2.23-2.27 show the zomparison of -he experi-

men:al and theoretical values for 1Xs/4c". The theoretica!

values were obtained in the same manner as in the SWT tech-
nique. The graphs shcw a good agreement except at The lower

and higher frequencies away frcm resonance for reasons

previously noted in secticn C.3.e.

Table XVI shcws the resonance frequency and bcth

values obtained for the dual-microphone technique. The

values determined for "Ke,." and "Koh " do not in all cases

overlap within the areas of uncertainty as was the case with

the SWT technique. As a result, the average per cent error

((K,,- K )/K ,) x 100 was found to be 18.4%. The average per

cent error between the independently measured rescnant

frequency and that measured by the dual-microphone method

was fcund to be +11.4%.

3. Standing Wave Tube vs. Dual-l.icrohonr

The greatest discrepancy between the two methods was

the measured resonant frequencies. The resonant frequency

measured by the dual-microphone technique was always higher

than the resonant frequr.ncies measured by the other two

methods. The average error of +11.4% was significantly

larger than the errcr for the standing wave tube method of

-2.231. Additionally, the determination of the constants

for the dual-microphcne method produced larger discrepancies

between the theoretical and experimental values. Finally,

the calculated sound speed for the dual-microphone method

was 3.2% higher than the SWT method which was in good

46
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TABLE XVI
CcMparison of Results

I xI _ -- x I
Frsq. K1 e31

Hz. sec. s-c.IX 10- 3  x 10-i

I _ES _11
549.5 i 1.5 Hz.

SiT 542.7 7.35 + .18 7.57 .39 +2.99
I Dual rut 1 589.5 3.67 .10 3.52 .79 +4.09
SDual run 2 590.5 3.66 + .10 3.17 4_ .21 -13.4

398.5 + 3.5 Hz.

I SWT 387.4 7.37 ± .15 6.94 + .41 -5.83 1

Dual run 1 432.0 3.45 t .33 2.79 + .33 -19.1

Dual run 2 422.0 3.68 + .07 2.91 j .25 -20.9

IRES #3
795.0 + 4.0 Hz.

SWT 773.0 3.61 Z .09 3.74 ± .47 +3.60 1

I Dual run 1 974.4 1.42 t .04 1.91 i .23 +34.5II

I P jE CjT ERO Ili SO_ NT FaEQUENCY

_ #1 - 549.5 Hz.

SWT - 542.7 Hz. -1.24%

Dual - 590.3 Hz. +7.42%

Resonato, #2 = 28.5 Hz.

SWT - 387.4 Hz. -2.79%

I Dual - 428.8 Hz. +7.603%
I0I

I ao #3 - 795.0 Hz.

I SWT - 773.0 Hz. -2.77%I
Dual - 974.4 Hz. +22.6%
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agraeme'.t with the expected scund speed, bassed

ambient tericeraturg.
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WOODEN DISK

STEEL
CAP- DI D2

,p,

Figure 2.1 Relmholtz Resonator Physical Set-Up.
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1 2i "

Figure 2.2 Theoretical Helmholtz Resonator Arrangement.
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III. CONCLUSI.1S

Throughout this study both techniques displiYed rivan-

tages and disadvantages. The criteria for saying one is

"better" thlan the other depends upon the purpose fcr which

:e inf~o:ia-ion is needed. No attempt will be made zo dz-cide

which technique is "better". The strengths and weaknesses

will be pointed out and the potential users of this infc_.a-

tion can dscide which tachniquP more closely fits their

needs.

It was clear frcm the results in Table XVI that the

standing wave tube technique was the more accurate when

compared to the expected theor.tical values for the

Helmholtz "standards". In addition, the SWT technique had a

higher average relative precision than the dual-microphcne

technique. The average fcr the SWT was 4.2% whil- the

average relative precision for the iual-microphone technique S

was 18.4w%. We believ the reason for the factor of

fcu_--and-one-half better results for the SWT technique was

due to one major characteristic of the two techniques. The

standing wave established in the two tubes were theorleti-

cally the same. However, the locations where the appropriate

measurements were obtained were different for each tech-

nique. For the SWT technique the measurements were always

taken at the optimum locations, i-. a maximum or a mnnimum S

pressure point. Therefore, it was possible to obtain the

best data available. For the dual-microphone technique the

measurements were taken at locations on the standing wave

pre-etermined by the microphone locations. These locations 0

were only optimized when the microphone separation was equal

to an odd multiple of a quarter-waveleng-h of the frequen-

cies measured. Therefore, the data ob-ained was mot
7 6
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necessa::ly the best avaiaDI, and th _ result was -.

tion in accuracy and :=_-azive o-ecisi.c- f:)r :"h ,!

i technie. This does not Drov~d: an :'xS
explanation for the qrror in measured sound speed or -: f:f-

icant error in measured Hel i-oltz frequency obtain,%d by the

dual-microp hone m-s-thod.

It would appear that the SWT mthod was the more desir-

able based on accuracy and relative precision. This may not

be the case. When numerous samples were involved or -he

results desired over a large frequacy range, the SWT method

became tedicus and cumbersome. It involved the manual taking

and reduction of data. The dual-microphone technique was a

great deal faster and easier to use. The time to obtain the

results fcr one sample over a frequency range of 200-1500

Hz. was approximately 20 minutes for the dual-microphcne

technique and 6 hours for the SWT tachnique.

Thus when choosing which technijue is more desirable for

a given application, it must be decided whether speed or

accuracy is more important. The degradation in the accuracy

and relative precision for the dual-microphone technique

might be considered minor in those applications where speed

4s important.
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IV. RECOtENDATIONS PO I1r2O.EMENTS AND FURTHE 4,

While the experimenzs conducted in this study were

straightforward, several changes could be made to improve

both techniques. The biggest chane would be to adapt thea

SW? technique for ccmputer control. This could be accom-

plished using a serv-mechanism with a worm-drive on ths

microphone car. Th. computer could then automatically set

the frequency, determine the maximum and minimum values and
their locations and compute the necessary information. This

would greatly enhance the SWT technique.

One imarovement or change for the dual-microphone tech-

nique that needs investigation is the use of a pure tone as

the signal instead of random noise. It would be possible to

step through the frequencies desired. The use of a pure tcns

would allow the use of a narrow band filter and could result

in a reduction in the noise interference and would include a

useful redundancy as the wavelength and thus phase differed

between the two microphones.

Although here we only dealt with reactive impedance, it

would also be possible to extract an absolute value of the

resistive component of the Helmholtz resonator with only one

additional measurement. If the quality factor of the raso-

nator is measured and the absolute reactive impedance is

known, the absolute resistive impedance is fixed. This value

can ther be compared with the impedance measurement.

Finally, several changes could be made to adapt -he

dual-microphone technique for use in a water filled tube.

First, the tube should be constructed with numerous hydro-

phone locations so that the separation betweer, hydrophones

could be varied somewhat to optimize the data for a given

frequency range. Additionally, the use of a bubble of known
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APPENDIX A

MICROPHONE CALIBRATION PROGRAM.

1000 cption base 1

1010 1 matrix 'W' hc!ds HP5420 data block head-7

1020.' ma_t 'A' hlds auto and :s-s spectrum a--a

1030 ! matrix 'C' is calibration vector

1040 ! address of HP-5420 is 704

1050 dim W(2,16),A(3,256) ,C(2,256)

1060 oitput 704 ;"RS" 3 S=SPOLL (734) a wait 500 E S#O then

1060

1070 ! HP5420 test setup:

1380 ! 60 stable averages

1090 ! channel 1 active

1100 ! transfer function

1110 ! randon signal

1120 ! 1.6kHz bandwidth

1130 output 704 ;"60,1 AV CH 5 FR 2 SG 1.6 KV BW 0 CH 0 AC

10 RG"

1140 S=SPOLL (704) @ wait 500 a if S#) then 1140
1150 if S#O then 1140 S

1160 ! start data ccilection

1170 disp "press end line to continus" a input A$

1180 output 704 ;"ST"

1190 S=SPOLL (704)a wait 500 a if S#68 then 1190 S

1200 disp "press end line to continue" a input AS

1210 gosub 1330 a gosub 1600

1220 ! create data file'CALDAT' if not present on currnt

tape

1230 on error goto 1240 & create "ZALDATI,1,4096

1240 off error b assign# I to "CALDAT"

1250 print* 1,1 ; C(,

1260 1 close file tc record data oa tape

80



1270 1tsigr* 1 o *

1280 !"-so "cai4bra.tion data stored"

1290 disp "en program"

1300 clear 7

1310 stop

1320 a-nd

1330 ! ccliect data

1340 1 transfer auto spstrum Hata : -05

1350 output 704 ;"I TC 1 FM 1 AUl"

1360 S=SPOLL (734) @ wat 500 @ if S#4 then 1360

1370 output 704 ;"501SA"

1380 S=SPOLL (704) @ wait 500 a if S#32 then 1380

1390 for I=1 to 16

1400 ! enter 5420 header information into matrix W

1410 enter 704 ; W (1,I)

1420 next I

1433 enter data in matrix A

1440 for I=1 to 256 @ enter 704 ; A(1,I) @ nexi_ I
* 1450 ! transfer cross spectrum data to HP85

1460 output 704 ;"RS"

1470 S=SPOLL (704) @ wait 500 a if S432 then 1470

1480 output 704 ;1"CR"

* 1490 S=SPOLL (704) @ wait 500 3 if S#O then 1490

1500 output 704 ;1"501SA"
1510 S=SPOLL (704) @ wait 500 @ if S#32 then 1510

1520 for I=1 to 16 @ enter 704 ; W(2,I) a) next I
1530 for I=1 to 256

1540 ! enter real cross spectrum data to matrix 'A'

1550 enter 704 ; A (2,I)

1563 . enter imaginary cross spectrum data to matrix 'A'6
1570 enter 704 ; A (3,1)

1580 .next I

1590 return

1600 ! calculate calibraticn vect-or0
1610 print "calculating"
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1620 for I=I to 256
v 3" C WTi=)(2,I./A{tT-3

,1fE4 C(2,T, .3,-/ 'sT

1660 : et ur

8
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0

.PPENDIX B

DUAL-ICROPHONE COMPUTER PROGRAM

10 !address of HP5420 si 704, plotter is 705

20 ! list of variables

30 A(1,) mic 1
40 . A(2,) cross spectrum, real part

50 1 A(3,) cross spectrum, imaginary part

60 ! C(1,) calibration vector, real par: -

70 ! C(2,) calibration vector, imaginary part

80 ! RR real part of acoustical transfer function

90 ! IH imaginary part of acoustical transfer

funct ion

100 ! A1() reflectincr coefficient

110 ! PHI() phase change

120 ! IR impedance, real part

130 ! M impedance, imaginary part

140 option base 1 @ dim A (3,256) ,A1 (256) ,C(2,256) ,M(256),

R (256) ,PHI (256)

150 : all following air constants and calculations are in SI

unit s

160 T3=295.15 ! temperatur e

173 G3=1.4 ! specific heat ratio

180 P3=101325 ! air pressure

190 R3=287.0537 ! gas constant

200 C=SQR(G3*R3*T3) ! speed of sound in air

210 RO=P3/(R3*T3) ! air density

220 BOC=RO*C

230 assign# 1 to "CALDAT" 8 read# 1,1 ; C(,)

240 disp "enter number of materials to be measured";8input

18

250 for 19=1 to 18 @ print "we will now measure material #"

;:9
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2 6 dist1 "i sample is rzady, press end jint" z i-m:- A',

273 cutpuz 704 ;"RS" a S=SPOLL (704) a wait 500 D f 34.
-hsn 270

280 output 704 ;"30,1 AV 1 CH 5 FR 2 SG 1.6 KV 54 0 CH 3zC

AC 10 RG"

290 S=SPOLL (704) 1 wait 500 a if # then 2930
301 ou tput 704 ;"ST MR"

310 S=SPOLL (704) ) wait 500 b if S#68 then 310

320 disp "and da-sa collection"

330 output 704 ;"1 F.1 1 TC 1 AU"

340 S=SPOLL (704) 3 wait 500 a if S#4 then 340

350 J=1 @ gosub 530

360 output 704 ;"RS" D S=SPOLL (704) @ wait 500 a if S#O

then 360

370 output 704 ;"CR"

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

390 gosub 530

400 output 704 -,"RS" @ S=SPOLL (704) 3 wai- 500 3 if S#O

then 400

410 disp "off to calculate! this will take several

min ute s"

420 gosub 600

430 disp "press end line to store impedance data on tape"

440 input AS

450 ! the following statements save data on tape

460 create "ILPDAT",256,24

470 assign# 1 to "IMPDAT" a for I=1 to 256 3 F=(I-1)*D1 a)

print*1,I;FR(I) a next I 3 assign# 1 to "I!PDAT2"

480 disp "end data collection for set";19

490 next 19

500 disp "end program"

510 end

520 ! start data ccllection

530 output 704 ;"501SA"

540 S=SPOLL (704) @ wait 500 a if S*32 then 540
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550 for !=I to 16 1 ent-:r 704 ; W D next I

56) f: J=2 thsn 580

573 _ I =I to 256 @ ee r 704 ; X (J,I) Zn- x I .

"auto-spectral data transfer.ed" J=J+1 a re-ur:n

580 for I=1 to 256 @ enter '704 ; A (2,I) 3 enter 704 ; A (3,i)

2next I 5 print "cross-spectral data trinsferrsdr"@eturn

590 , calculate impedance

600 disp "calculating"

610 fo: I=1 to 256

620 Cl=C (1, I)*C (1,1) +C (2,I) *C (2, I)

630 TA=(A(2,I)*C(1,I)+A (3,I)*C(2,I))/Cl

640 A(3,I)=(k(3,I)*C(1,I)-A(2,I) *C(2,I))/C1

650 A (2,I) =TA

660 next I

670 ! L is the distance from the sample to the center of

the farthest mic.

680 ! S is the spacing between the microphone centers

69 ! D1 is the frequency spacing of the 5420 samples

700 S=.0459

710 L=.1142 I DI=6.25

720 1 calculate transfer function, impedance, reflection

coefficient amd phase change

730 for I=1 to 256

740 F= (I-1) *D1

750 K=2*PI*F/C
760 RH=A(2,1|/A(1,I) b IH=A(3,1)/A{I,l)

770 AA=SIN(K*L) @ BB=SIN(K*(L-S)) I CC=COS(K*L) a DD=COS

(K* (L-S))

780 INI= BB-AA*RH @ RNI=AA*IH

790 RD1=RH*CC-DD 8 ID1=CC*IH

800 M2=RD1*Rl+ID1*ID

810 R(I),RZ=(RNI*RD1+IN1*ID1)/&2 a M(I) ,IZ=(IN1*RDI-RN1*

IDI)/M2

820 RD= (RZ+1)/2

830 ID=IZ/2 8 M=RD*RD+ID*TD
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8U0 RRH=-(RD/M-1) @ IRHi=-(ID/ )

850 A1 (I)=SQR(RRHO*PRHO+IRHO*IRHOI 1 PHI(I)=-A T 2 (li1i,i HO)

'370 next I

880 1 plot results

890 plotter is 705 @ lorg 5 o FO=500 I F1=1600

900 Yl=-10 8 Y2=10 @ S1=1

910 disp "resistance" 8 I=1 a L$=11 RESISTIVE" a B$=11

INPEDANCE"

920 gcsub 1070 a if Z1 then 1020

930 Y1=-10 8 Y2=10 @ S1=2

940 disp "reactance a I=2 a L$=,, REACTIVE" I B$=",

IMPEDANCE"

950 gosub 1070 a if ZI then 1020

960 Y1=O @ Y2-1.4 @ SI=.2

970 disp ",reflection" 8 I=3 8 L$=", REFLECTION" @ B$="

COEFFICIENT"

980 gosub 1070 8 if ZI then 1020

990 Y1=-180 8 Y2=180 8 S=45

1000 disp "phase angle" a I=4 a L$=" PHASE" @ B$="

ANGLE (DEG)"

1010 gosub 1070 8 if not Z1 then goto 430

1020 disp "lowest Y" ;0 input Y1

1030 disp "highest Y", ;@ input Y2

1040 disp "increments of" ;@ input Si

1050 on I coto 910,940,970,1000

1060 ! plotting subrcutines

1070 disp "change paper and press end line" ;@input AS

1080 YO=(Y2-Y1)/7/25 8 Y3=(Y2-Y)/7*1.9 @ Y4=(Y2-Y1O/7*1.6

@ Y5=Y1-Y3 8 Y6=Y2+Y4

1090 lorg 5 b scale -(F1/5),1.16*F1,Y5,Y6 a xaxis Y1,F0,0,

F1 a yaxis 0,S1,Y1,Y2

1100 Y7=Yl-Y3/6 a Y8=YI-Y3/2 3 idir 0

1110 for X=O to F1 step FO 8 move X,Y7 @ label VAL$

(X/1000) 3 next X

1120 move .4*F1,Y8 8 label "FREQUENCY-KHZ"
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1130 for Y=YI to Y2 steap Si 1d move -(F1/20),Y 8 labe. V47

(Y) @ nex+. Y

1141 l2i: P1/2 D Y9=(Y2-YI)/3+Yl @ mov? -(FI/10),Y9 . ;a^ I S

LS,B$ @ F9=0

1150 for L=1 to 256 dtep 3

1160 on I goto 1170,1180,1190,1200

1170 F2=R(L) @ gotc 1210 •

1180 F2=M(L) a gotc 1210

1190 F2=A1(L) a goto 1210

1200 F2=PHI (L) /PI*180

1210 move F9,F2 @ F9-F9+3*D1 a imove -(P1/500),0/2 5

1220 idraw FI/250,0 @ idraw 0,-YO @ idraw -(F1/250),) 8

idraw 0,YO

1230 next L

1240 disp "I for redraw, 0 to continu-3';, input Z1 a return
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