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ACOUSTIC CONDITIONS IN THE VICINITY OF AN ORIFICE
 
THAT DEPENDS ON GRAZING FLOW BOUNDARY LAYERS.
 

AN EXPERIMENTAL INVESTIGATION
 

Jurgen Kompenhans
 

SUMMARY /1*
 

The reflection factor at the end of a tube which ends at a plate
 

over which a flow is flowing was determined as a function of the
 

Strouhal number, formed from the flow velocity,_the aperture radius,
 

and the acoustic frequency.
 

It is possible to calculate the flow end correction from this re­

-flection 
 factor. The loss contribution of the opening impedance in­

creases as a function of the flow velocity, and it decreases as a
 

function of mass fraction. The ratio of the displacement thickness
 

of the flow above the opening and the opening radius i found to be
 

an important parameter=.Specially the real part of the opening im­

pedancei can be represented as a function of this ratio for small Strou­

hal-numbers. As the boundary layer becomes thicker, the loss coeffi­

cient of the opening impedance decreases. Measurements of the direct
 

flow resistance -of the opening confirm this relationship. The de­

crease of the mass fraction of the impedance is determined for the
 

most part by the Strouhal number and the boundary layer thickness.
 

When the opening length becomes comparable to the opening radius,
 

then there are additional changes in the bpening impedance, which
 

probably can be attributed to the influence of flow fluctuations on
 

the- inner mouth of the opening.
 

Various modifications, of the openinginner edges such as.1
 

rounding off, also change the opening impedance.
 

We investigated two or nine adjacent openings in order to inves­

tigate the questions of interactions between several openings.
 

*Numbers in margin indicate pagination in foreign text.
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/IV LIST OF SYMBOLS 


a opening radius 

b distance between opening and center of measurement tube. 

c speed of sound (c = 343.8m/s) 

f frequency 

i imaginary,unit 

k wave number (k = r/c) 

1 opening length 

iEk length of end correction-of the opening 

1 Ek. length of inner end correction of opening. 

p acoustic pressure 

rEk reflection factor in the plane of the upperedge of opening 

u flow velocity component in the direction of the channel flow 

vG> flow velocity through the opening 

y wall separation 

Aa inclination of line for the real part of the opening impedance 
akust for the quasi-stationary range R/X ° = Aakust • S-1 + B 

Astat normalized uniform flow resistance (section 5) 

H shape parameter (Ht=_6" 

P pressure 

R real part of impedance of end correction 

RG additional uniform flow resistance of opening caused by over­
flow 

RR radius of measurement tube 

RS total uniform flow resistance of opening (RS R0 + RG) 

R 
0 

uniform flow resistance of opening for air at rest 

S Strouhal number (S = a w/U) 

S- I reciprocal Strouhal number (S- I U/aw) 

U flow velocity in center of channel 

WEk end correction normalized with Xo 

X imaginary part of end correction impedance 

X 0 imaginary part of impedance of end correction for air at rest 
(X 0 0.85 ap ) /V 

ZEk impedance of end correction CZEk = R = iX) 

Zrohr impedance of infinitely long tube 0 . 
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y Gradient of normalized boundary layer pr
wall.(section 4). 

ofile in vicinity of 

Displacement thickness 

Momentum os thickness 
Opening radius/effective opening radius ( = /) 

p 

a 
Density of the medium (for air p = 1.205 
Cross section area of openings/cross se
ment tube. 

k

ction 

g/m3 ) 

Phase angle 

area of measure-

T Fok's function (section 3.3.3) 

wCircular frequency (w = 2 f)
 

akust acoustical
 

Rohr tube
 

stat stationary.
 



/1 1. Introduction 


In order to reduce sound propagation in channels, usually the chan­

nel walls are covered with a sound-absorbing material. When the acous­

tic impedance of the wall covering is appropriately selected, optimum
 

damping can be obtained. The same method is used for flows in channels;i
 

for example, in modern aircraft design, designers wish to reduce the
 

pressure noise up to the outlet from the engine as much as possible.
 

The absorbers usually are thin perforated sheets, because of weight
 

and cost considerations, which are attached at a certain distance ahead
 

of the channel wall. The space is divided like a honeycomb, in order
 

to prevent sound propagation-and flow. The-acoustic impedance of the
 

wall, in this case, consists of the impedance of the cavity and the
 

openings.
 

It is found that the acoustic impedance of the openingsdepend
 

greatly on the tangential flow.* Up to the present, this effect has
 

been studied many times, especially in connection with application for
 

engine design.
 

For -a better understanding, it is appropriate to first consider
 

the acoustic behavior of an opening, in quiet air. It is important
 

that the air particles oscillate outside of the mouth of the opening
 

as well, which provide an additional contribution to the acoustic
 

impedance of the opening, and therefore bring about a greater effective
 

length of the opening.(see for example, [1-7]). This additional length
 

is called the end correction. Experimental investigations have shown
 

that the end correction is the same for the friction part and-the mass /2
 

part of the impedance [4, 6]. In the case of large acoustic pressures.,
 

or speeds of sound through the opening, which often occurs in practice,
 

the opening becomes nonlinear. In other words, there is no linear
 

relationship between the acoustic pressure and the speed of sound.
 

[4, 7, 10]. The same is true for perforated platesl [i11
 

If a uniform flow is superimposed on the original flow, then the
 

conditions become more complicated. When the flow-passes through the
 

opening, then the resistance of the opening increases with flow velo­

city and the mass fraction dedreases [10, 12].
 

In the case where there is tangential flow over the dpening, there
 

is also an increase in the real part and a decrease in the imaginary
 

part of the impedance of a single opening [14, 151. Similar behavior
 

*Translater's note: Flow parallel to the opening. 
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can also be found for various wall linings [12, 13, 161.
 

The measurement of the acoustic impedance of openings when there
 

is flow superposition is very difficult, 1because the acoustic parameters 

such as the acoustic pressure and the speed of sound must be measured
 

very accurately, both in amplitude and phase. A number of measurement
 

techniques have been tested for measuring the impedance, and the most
 

important ones are given in [16].
 

A few of the authors mentioned above first measured the uniform flow
 

resistance of the opening, that is, at the frequency w = 0, in order
 

to obtain an idea about the acoustic behavior of the opening, when there
 

is flow passing through or over it. Exact inVestigations of the beha­

vior of flow of openings with tangential flow showed!Iht depending on
 

the direction of flow, the uniform flow resistance of the opening can
 

change [17, 18]. The reason for this is that on one side of the opening
 

the channel flow is situated with -its wall boundary layer, and at the
 

other side there is almost still air. The various experimental results
 

are not yet sufficient to describe the interaction between the sound /3
 

and the flow, and to correctly describe the opening theoretically.
 

-Therefore various experiments were made to visualize the flow processes
 

in the opening, for example, already 25 years ago for the non-linear
 

case [4, 8]. More recently model experiments have been-made where
 

the flow over the opening and in the oDening throat was measured in
 

the water tunnel using colored ink [19. 201. In the case of [19], we
 

can see how much the flow changes in the opening between the inlet and
 

the outlet flow process. First, a region is formed at the trailing
 

edge of the opening where fluid flows into the opening. The colored
 

streamline, which starts at the leading edge of the opening, pene­

trates into the opening throat .and can roll-up to form ortices. During
 

the outflow process, the shear layer is then lifted off at the trailing
 

edge, just like a cover.
 

In other model experiments. [20], the ratio of the speed through the
 

opening and the tangential flow velocity was smaller. On the pictures
 

one can clearly see a wave-like motion of the shear layer.:which in­

creases with path length, located above the opening. It is the acoustic
 

pressure gradient which brings about this deflection of the shear layer
 

at the leading edge. At the trailing edge of the opening, fluid flows
 

into or out of the opening, depending on the deflection of the shear
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layer.
 

The statements made above about the motions of the shear layer
 

above- the opening essentially agree with the assumption which Ronne­

burger [14] used for his model to develop the theory of acoustic im­

pedance of openings with tangential flow. Other authors such as
 

Mungur [21], used the idea that a vortex rotates in the opening, and
 

thus influences the impedance. Rice [22] assumes that the opening /4
 

is given an additional turbulent velocity because of the tangential
 

flow, which then leads to the same effects as for transverse flow.
 

One other theoretical idea is to expand the relationship of Cran­

dall [23] or Tijdeman [24] for the non-linear case, for the sound pro­

pagation in the tube for air at rest (for example, Hersh and Rogers
 

[25]). As the next step, we must then introduce the tangential flow.
 

However, in [263, then the flow conditions above the opening are
 

greatly simplified.
 

For the case of uniform flow through the opening, Hersh and Rogers
 

[8] used a model with a coverlike motion of the shear layer above the
 

opening, for comparison with their experiments. "
 

In addition, there are papers such as the one of Moehring [27],
 

where the separation of a thin vortex layer from a plate edge is steady.
 

Comparisons with measurements are difficult because the parameters in­

volved cannot be measured directly. However, if one wishes to not only
 

use perforated plates as absorbers in channels with flow, as mentioned
 

at the beginning, but if we are interested in a better understanding of
 

the physical processes, in the opening, then one must first attempt to
-to
 

separate the various effects mentioned above, even though they occur
 

together in practice.
 
-The investigation presented-here discusses only the case of the opening
 

with tangential flow. The effects caused-by the-non-linearity or the /5
 

transverse flow through the opening are not important for these measure­

ments. In order to further simplify our problerm we-will only consider
 

a single opening at first. These results are then compared later on
 

with those for two or nine openings., By making the most accurate possi­

ble measurement of the acoustic impedance of openings, for various
 

transverse flows, (laminar, turbulent, thick, and thin boundary layers')
 

and the simultaneous determination of all the other acoustic and Physical
 

parameters, we will attempt to establish relationships between all
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parameters.
 

2. Problem Formulation aid Measurement Principle
 

The acoustic impedance of an opening is found as a ratio of acoustic
 

pressure between both sides of the opening and the acoustic speed thru
 

the opening. The pressure and the velocity are to be meas-ured, in
 

terms of phase and magnitude.
 

The impedance of the oneninp essentially consists of a mass part
 

which can be attributed to the-air particles, which oscillate in the 

throat of the opening and in the vicinity of the opening. The friction 

losses in the opening are small compared to these. The particles 

which participate on one side, outside of the opening throat, bring 

about an increase in the effective length of 1 Ek = 0.85 a (a = radius 

of opening) compared with the geometric length of the opening. If 

the opening has a tangential flow, then the end correction of the 

channel side is changed, for example, the real part of-the impedance 

(that is the losses) Lc~ea~ds! with flow velocity and the imaginary 

part decreases. From visual observations in the water tunnel we can 

see that the interaction mechanisms between th& sound and the flow 
.
over the opening are very complicated' Up to now there is no theory /6
 

which completely describes these processes, so that no.quantitative
 

comparison with measurements is possible2.LIich of the flow parameters
 

such as the center velocity, boundary layer thickness, boundary layer
 

profile shape, or which combination of the!iidetermine the opening im­

pedance cannot be stated at the beginning. Consequently, it is necessary
 

to also determine the flow parameters as much ts possible during acoustic
 

measurements. Since only the flow in the vicinity of the wall has an
 

influence on the change in the end correction, we measured the shear
 

profile over the opening for eactr-impedance measurement. We assumed
 

that this contains all of the parameters important for the impedance
 

change. In experiments it is not possible to easily vary the properties
 

of the flow near the wall, but it is easier to change the acoustic
 

parameters (frequency or acoustic pressure). For example, the shape
 

and thickness of-the boundary layer profile in the case of a closed
 

channel used here can be found from the design of the channel and the
 

installations in the channel. By changing the length of a plate, lo­

cated in the channel'center with flow, it is possible to adjust the
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boundary layer thickness approximately using the path length of the
 

boundary layer on the plate.
 

The changes which occur in the -end correction when the opening has
 

tangential flow require onetto exactly] measure the magnitude and phase
 

of the acoustic pressure and the speed of sound. Depending on the
 

experimental conditions, there are'strong pressure and velocity fluc­

tuations which are superimposed on both signals. Of course the dis­

turbances in these variables being measured should be small as possible.
 

Therefore, we will attempt to dispense with the measurement of the
 

speed of sound, because the ratio of the speed amplitude and the turbu­

lent velocity fluctuations are substantially less favorable for the
 

speed than is the ratio of the acoustic pressure and turbuleht pres­

sure fluctuations in the case of the pressure. /7
 

We will dispense with measuring-the speed of sound, but it is
 

necessary to determine the sound pressure gradient or the sound pres­

sure at various points of an acoustic line having a known impedance.
 

This can be done by attaching microphones at various points of the
 

tube. From the complex sound pressure amplitude measured with sound,
 

(for example, with phase and magnitude), the reflection factor &t the
 

end of the tube can be calculated. The tube which emerges into the
 

plate with the flow is the opening proper. Therefore, from the re­

flection factor in the plane of the opening edge.we can immediately
 

calculate the acoustic impedance of the correction of the opening.
 

Using this configuration, in contrast to- the.measurement technique
 

described in [14, 15] it becomes possible to measure the acoustic
 

pressure even for large disturbances as occur in turbulent flows.
 

In order to exactly-measure the magnitude and phase of the acoustic
 

pressure, it is necessary to calibrate the microphones. For this
 

purpose, the tube is irradiated with sound from both sides in sequence.
 
V
 

The ratio of the acoustic pressures at each location is measured, and
 

this leads to a cancelling of the complex calibration factors. In
 

the remainder of the evaluation, only the acoustic pressure ratios are
 

involved.
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3. 	Measurement of Acoustic Impedanc& of an Opening with Tangential
 

Flow
 

3.1 	Measurement Setup
 

3.1.1 Wind Tunnel
 

The air from the laboratory was sucked into the test section (cross­

section area, 25:1) through a settling path with flow stabilizers and
 

hole seives, and also through a contraction path.(contraction ratio
 

10 X 10 cm2-, (see Figute 1). There is an acoustic damper between the /8
 
test section and the suction blower. 'Then the air is blown off to the
 

outside. In this way, heating of the air in the blower does not lead
 

to changes in the air temperature within the test section. However,
 

we must accept the fact that there is under pressure compared with
 

the surroundings in the tunnel!- therefore, the ceiling of the installed
 

components (measurement tube) in the tunnel is very important.
 

The top side of the tunnel is covered with a plate, and there is a,
 

support for hot wire measurements (boundary layer profile) which can
 

be displaced in the longitudinal direction. Upstream, ahead of the
 

impedance measurement tube, it -is possible to install plates of
 

various lengths (from 5.5 cm to 65.5 cm) in the center-of the tunnel.
 

There is a wake.plate 30 cm long downstream from the opening. A ro­

tatable wing is the final part. By changing the wing position, it is.
 

possible to equalize the difference in the flow resistances of the two
 

partial tunnels above and below the'plate, and to avoid oblique flow
 

along the plate leading edge. When there is optimum adjustment, the
 

degree of turbulence of the channel flow reaches 0.5%. However, there
 

is also the possibility to force a-strongly turbulent flow above the
 

opening using the wing.
 

3.1.2 Acoustic Part of the Measurement.Instrumentation
 

The apparatus for measuring the opening impedance consists of a
 

tube 110 mm long (measurement tube !4diameter 4 mm) which opens into
 
the plate located in the center of the tunnel, and-thus forms the
 

opening. There were thin taps (diameter 0.5 mm) separated by 10 mm
 

in the tube. The taps are distiibuted statistically around the tube 


circumference, so that higher modes of the acoustic field would average
 

out during the measurement. (This aspect is especially important forl
 

measurement tube B because of the cross-section jump). Directly behiid
 

each tube there is a condenser microphone, 
type L (diameter 11mm)
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The results of [28] were considered when the microphones were built.
 

The microphones were sealed with respect to the out[sijejin order to
 

prevent a flow through the tube. There is a flow resistance element
 

at the lower end of the tube. The tube is closed off by means of a
 

35-watt pressure chamber loudspeaker. The tube was subjected to
 

acoustic irradiation from the side of the tunnel by using i loudspeaker
 

attached to the tunnel wall. However, the sound pressure amplitudes
 

for this in the tunnel were so large, that a plate which is rigidly
 

connected to the impedance measurement tube was excited to body oscil­

lations. In order to exclude this source of error, a loudspeaker with
 

a short attachment tube was installed above the measurement tube.(Figure
 

1). The loudspeaker was then'placed directly on the opening during
 

calibrations. The static pressure between the tunnel and the measure­

ment tube was equalized by means of a small hole in the attachment
 

tube.
 

A slightly modified configuration was used for the second part of
 

Now the measure-:
the investigations ( measurement tube B, Figure 2). 


ment tube as a diameter of 20 mm. Exchangeable discs can be inserted!
 

with the appropriate opening along the-top side. Therefore, it is
 

possible to investigate openings with various thicknesses, edge roun-,
 

dings, or even several openings in -Ai relatively simple manner. Table
 

1 gives a summary about the openings investigated.
 

3.1.3 Electronic Part of the Measurement Installation /10
 

After the first measurements, it was realized that-the acoustic
 

sound variation in the tube could not be scanned accurately enough
 

for the later evaluation by only using two or four microphones, and
 

therefore the electronics developed in [28] for the exact measurement:
 

of acoustic damping in tubes was employed. The main problem in both
 

cases was the fact that it was difficult to measure the magnitude and
 

phase.of an acoustic pressure signal which was highly contaminated:
 

by flow noise. This is best done using phase-sensitive rectifiers,
 

which filter out the zero-degree and 90-degree component of the signals.
 

In order to allow a faster recording of all.10 acoustic pressures,
 

a special phase-sensitive rectifier was required for each microphone.1 
-1
 

In order tolavoidphase errors between the reference voltages, for phase­

sensitiv6- rectification, all the electrical signals were drawn off i
 

from a common frequency generator which bad digitalaadJustment (Figure
 

_7
 

http:phase.of


3). The frequency generator is operated at 24 times the measurement
 

frequency, and controls a 12-bit shift register in a digital sine gene­

rator. The output of it is inverted and coupled back to the input.
 

For example, if the shift register is completely empty at the beginning,
 

then a rectangular pulse with a length corresponding to 24 timing inter­

vals runs in it at the measurement frequency. By using a suitable
 

resistance matrix, controlled by the outputs of the shift register, it
 

is possible to generate-from this a step .sinusoidal signal.
 

The advantage of ths method is found if one wishes to produce a
 

signal which is phase-displaced with respect to the first signal. In
 

this case, an additional rectangular signal runs- in the second shift
 

register, which can be displaced by. one 'or several timing intervals
 

with respect to the first. In this way one obtains a sine signal which
 

is frequency-independent and is displaced by exactly a multiple of 15' /11
 

with respect to the first one. (12 timing intervals correspond to 180o).
 

The higher harmonics contained in the step sine signals were filtered
 

out using a tertiary filter. After-this, the zero-degree signal was
 

applied alternately to the two loudspeakers through a force amplifier.
 

The reference signals of -zero degrees and 9.0 degrees for the phase
 

sensitive rectifier were also derived from the form of two-phase-dis­

placed rectangular signals from the digital sine generator. After
 

phase-sensitive rectification, the direct voltages corresponding to
 

the zero-degree and 90-degree component of the acoustic pressure sig­

nals were supplied within 0.5 seconds to a A/D converter through a
 

multiplexer. Then they were stored on magnetic tape.
 

The big advantage of this method is the fact that all signals can
 

be derived from a common controlled signal. The reference voltages,
 

as well as the phase-displaced signals for the later-to-be-described
 

calibration are therefore produced in digitalform and with great
 

accuracy. In particular, the phase relationships of the reference
 

signals do not change with frequency.
 

3.2. Measurement Procedure
 

Even though the phase-sensitive rectifiers used are not very complex,
 

they provide a real and imaginary part of the amplitude input signal
 

quite accurately. In order to measure the phase relationships between
 

the pressure signals even more accurately, the phase-rectifiers are also
 

calibrated as done in [28]. At the beginning of eachmeasurement series,
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a signal with constant amplitude, which is displaced in steps of 150,
 

with respect to the reference signal each time, is given to the phase­

sensitive rectifier. From the output voltages, a correction vector is /12 

then calculated for each channel. It is found that this correction vec­

tor changes linearly with frequency, in other words, the calibration 

only has to be performed at the lowest and the highest frequency of 

each measurement series. Interpolation is performed in between. -

The measurement itself is done by first irradiating the tube by the
 

loudspeaker 1 (Figure 3). For each of the zero-degree and 90-degree
 

components of the ten-channels of the phase-sensitive lrectifiers, 32
 

scanned values are stored on magnetic tape. Depending on the magnitude
 

of 	the turbulent pressure fluctuations, this measurement-is repeated
 

in 	short intervals up to 25 times in order to obtain good time averaging.
 

Of 	course, the fast recording of a large number of data points is
 

advantageous, which becomes possible by storing on tape. After this
 

the loudspeaker 2 with the attachment tube is placed on the opening,
 

and the measurement is repeated.
 

One disadvantage of this.method is that measuring and evaluation
 

are completely separate. During the measurement, one can note and
 

establish whether the measurement results are meaningful. Another
 

disadvantage is the dependence on an EDP installation required for
 

the evaluation.
 

3.3 Evaluation
 

3.3.1 	Sound Pressure Variation in the Measurement Tube
 

The acoustic pressure measured in the individual microphones is
 

first averaged, and then is corrected for errors of the phase-sensitive
 

rectifiers. The calibration factors of the microphones are eliminated
 

by 	dividing the ten complex acoustic pressures for irradiation of the
 

tube from the inside and the outside by each.other. In this way we /13
 

have an acoustic pressure ratio at each microphone location.
 

The acoustic wave which comes in from the outside is reflected at
 

the flow resistance element at the low end of the tube. The a'coustic
 

wave from the loudspeaker 1 is reflected at the air particles-which
 

are oscillating outside of the tube (end correction). More detail can
 

be 	found in the appendix. By matnhing with the measured acoustic
 

pressure ratios, it is possible to very exactly determine the (unknown')
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reflection factors at both ends of the measurement tube.
 

.In order to-calculate the impedence of the end correction, during
 

the subsequent evaluation we use the reflection factor which has been
 

determined in the plane of the opening upper edge. Consequently, in
 

the case of tangential flow, we act as though the sound propagation
 

in the tube is undisturbed up to the opening edge. All of the changes
 

caused by the flow are then contained in the impedance of the end cor­

rection. This-will be discussed in section 6.3.1.
 

The eualization calculation as was used in-,[2-8] for determining 

the acoustic damping in tubes was taken-over for our conditions. For 

the theoretical sound propagation in the tube, wave number, and impe­

dance , we use the results of [243. The numerical calculation was 

developed accordingly. 

3.3.2 	 Corrections in the Evaluation of the Acoustic Pressure Variation
 

in the Measurement Tube.
 

After examining the first measurement results, determined for quiet
 

air, it was found that the reflections of the acoustic waves running
 

in the tube and reflected at the microphones could not be disregarded.
 

Even though the reflection factor on a microphone in measurement tube /14
 

A, for example, is only 1000 Hz for Irl 4 10-3 the individual
 

contributions add up to a substantial change in the reflection factor
 

rEk. A simple calculation of the impedance of the pressure taps ahead
 

of the microphones using the wall conduction value for the viscosity
 

and heat conduction wave was done according to Cremer [29]. It was
 

not possible for it to completely eliminate the deviations between the
 

measured and the theoretical reflection factors rEk. Therefore, the
 

impedance of the microphones was calculated just like in [28]. There
 

the reflection factor for the microphones was derived from the acoustic
 

field ahead of the microphone membrane and in the pressure tap. The
 

formulas found with this reflection factor and corrected for the
 

influence of the microphones on the acoustic field in the tube can be
 

corrected in the appendix.
 

3.3.3 	End correction of investigated openings for air at rest.
 

As already mentioned in the introduction, in order to consider the 

air particles which oscillate near the opening, it is necessary to 

increase the actual length of the tube by 1Ek = 0.85 a. For measurement 
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tube B, where the tube is closed off by a disc with the hole and the
 

tube diameter is 20 mm, the conditions are-somewhat different. In
 

order to be able to take over the evaluation programs for measurement
 

configuration A without substantial modifications, we again determined
 

the reflection factor in the final plane of the impedence measurement
 

tube. When calculating the external end correction, the impedance of
 

the opening throat and the impedance of the inner end correction must
 

also be considered.
 

The inner end correction, according to Ingard, depends on the ratio
 

of-the opening diameter and the tube diameter [71, and on the distance
 

between the opening and the back wall of the tube (). In the case of /15
 

the measurement tube B, the back wall (i.e., the flow resistance) was
 

not separated so far from thel opening that its influence could be ing­

nored. For the inner end cortfc-worrt-we then obtain
 

1Ek" 0.85 a (1 - 1.25 a/RR ) for a/R R < 0.4,
 

i.e., 

iEk" = 0.64 a for a/HR = 0.2. 
1 

(RR is the radius of the measurement tube).
 

The impedance of the opening throat is determined using well-known
 

formulas for the impedance for a short and open tube.
 

Ingard [71 investigated the.case of two round and eccentrically
 

situated openings in a tube (see Table 1, opening 4). Here, two ef­

fects superimpose. First of all, the end correction changes because
 

the openings are no longer located on the axis of the tube but eccen­

tric with respect to it. Also, there is a mutual influence of both
 

openings. In the case of opening 4, we find a ratio of b/RR = 0.4
 

(b = distance between opening and center of tube). From the figures
 

of Ingard, and from an interpolation, we find that for a/RR = 0.2
 

and b/RR = 0.4, the result is
 

!Ek" = 0.35 a
 

The interaction part is therefore equal to 0 for the selected value of'
 

b/RR = 0.4.
 

For the case where the number of openings is greater than 2, (per-,
 

forated plate), according to Fok, [30], one can calculate the decrease
 

in the inner end correction. He gave the following function: /16
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2
T = (! + al1 + a2 + . 1 

where
 
a = oo3olSa = - 1,4o925 

Sa 8 
= - oo1641 

8 
a3 o,3381 a9 = o,017 29

8= - 0,0124a4 = . ol 

a11= 0,01205a5= o,06 7 9 3 

a = - 0,00985a = 	 - o,2287 

Here we have 	 , where aeff 

is the area which is occupied by the n openings of the perforated
s
n
 
plate. a is the ratio of the area of all openings, and the total area,
 

and is also called the porosity. For the end correction, we have
 

- 85 a
 

For = 0, we have T = 1, and therefore again-1Ek i = 0.85 a. For 

=lI, T becomes infinite and therefore 1 0. In the limiting

Ek.
1
 

of many closely situated openings, the contribution of the indi­case 


vidual openings vanishes. The end correction is then the one for the
 

open tube.
 

(It should be noted that in the figures of [301 and [111, the 

function T is correctly shown. However, in the formula, the reciprocal 

of T is shown.,).)---=p=2 

For opening 5 (9.openings) we therefore have 

P(0.6) = 4.32 

and 

1Ek. = 0.20 a. 
1 

3.3.4 	Examination of the Evaluation for Air at Rest 


Using the formulas given in the last section for the end correction
 

of the opening, it is now possible to calculate the theoretical re­

flection factor in the upper edge plane of the impedance measurement
 

tube.
 

For example, for measurement configuration A, (almost soft sound
 

termination of the tube) we find a reflection factor of
 

o,85 z,i - c + 1,7 aSZEk - Rohr, 

Ek + ZRh o,85 aEki + ac C 

12/	 0 r
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in other words, the real part is approximately -1 and the imaginary
 

part is small and positive.
 

The average statistical error in the reflection factor according
 

to the equalization calculation is about 0.4%. Figure 4 shows the
 

difference between the theoretical and the measured values as a func­

tion of frequency. It is found that the deviations are of the same
 

order, i.e., 0.5% of the magnitude of the reflection factor. The
 

magnitude of the reflection factor is measured too small by 0.3% on
 

the average.
 

The error in the reflection factor then leads to errors of different 

sizes in the calculation of the impedance of the..end-correction. We­

have 2 zRh 
r E ER. - 2.... 

i.e., for a reflection factor with a small imaginary part and a real
 

part about -1, ( apparatus A ) the inaccuracy in the reflection factor 
leads to a substantially smaller error in the impedance of the incor­

rection than is the case for a reflection factor with a real part of 

+1 and also a small imaginary part. Since this latter set of circum-, 

stances applies for apparatus B, (almost hard acoustic closure 6f-the
 

tube) there were large errorslin the impedance measurements for that
 

case, in spite of the same.accuracy in the reflection -factor. (If the /18
 

impedance of the end correction is changed by. the tangential flow, then
 

the conditions become more favorable).
 

In the further evaluation, the impedance of the end correction is
 
alwaystnormalized using the imaginary part X of the theoretical value
 

for-air at rest. The normalized impedance for air at rest, therefore,
 

has an imaginary part of X/X° = 1, and a small positive real part R/X .
 
Comparison with measurements shows the deviation of 5% at high fre­

quencies, and of 20% for the frequency range around 200 Hz. On the
 

average it is about 10%. In the case where the real part and the imagi­

nary part of the impedance are greatly different, for example, for air'
 

at rest, (Im >> Re) for large flow velocities (Re << Im) a small phase
 

rotation within the acoustic measurement instrumentation would lead to
 

a large [falsification of the smaller cohtribution. In order to ex­

clude such errors, we also measured using an opening closed off with
 

gauze. As was to be expected theoretically, the measurement shows
 

that the imaginary part of the end correction does not change and the'
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increased acoustic resistance of the opening depends on frequency.
 

In the case of tangential flow, it is no longer possible to make a
 

quantitative comparison with theory. Only the statistical error from
 

the equalization .calculation can be considered, which increases with
 

turbulent flow. For example, the statistical error of the reflection
 

factor for apparatus A is in general between 0.5% and 0.9% (maximum
 

1.5% for completely turbulent flow).
 

In the case of tangential flow tunnel, there is overpressure com­

pared with the laboratory, and therefore additional error sources
 
must be considered. The flow through the opening due to poor sealing /19
 

in the measurement -tube or at the microphones can be excluded by
 

testing the pressure drop in the closed-off tube as a function of
 

time after each new inst&llation. The change in the microphone sen­

sitivity with static pressure is considered with the calibration.
 

4. Measurement of the Shear Layer Profile Above the Opening, Measure­
ment Apparatus Set-Up, : Execution of the Measuremeits and Evalu­
ation.
 

The measurement of all the important parameters of the flow boun­
dary layer of the opening represented a focal point for the investi­

gations. A comparison of this data with the acoustic measurement
 

results should show the influence of the boundary layer thickness,
 

the shape of the boundary layer profile, and other parameters on the
 

opening impedance. In order to measure the shear layer profile above
 

the opening, we had available a hot-wire prob , which could be dis­

placed in the vertical direction, a constant-temperature anemometer
 

and a linearizer. From the shear layer profile, we determine the
 

parameters required for the evaluation, such.as the displacement thick­

ness 6*, the momentum loss thicknessoj, the shape parameteriH= 61,
 

the velocity gradient near the wall and the degree of turbulence. It
 

should be realize that above the opening, the profile of the wall
 

boundary layer is converted into a shear layer profile, which has a
 

velocity different from zero within the opening throat. In order to
 

determine the boundary layer thickness, a tangent was drawn at the in­

flection point of the profile, and then the profile of the wall boundary
 

layer was reconstructed on the plate in front of th6 opening. The
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recorder profiles differ with respect to boundary layer thickness (dis­

placement thicknesses between 0.26 mm and 2.0 mm were measured) and
 

with respect to shape. When the path lengths of the boundary layers /20
 

were-different onthe plate in front of the opning, we found profiles
 

whose shape corresponded to the turbulent or the laminar plate boundary
 

layer profile, as well as transitions between these. Figure 5 shows
 

three different boundary layer profiles as examples. The flow velocity
 

in these three profiles was the same and the displacement thicknesses
 

were different. In order to be able to better identify the transition
 

between the laminar, and the turbulent profiles, we use the shape
 

parameter H. For the turbulent boundary layer profile, we obtain
 

H = 1.4 for the plate boundary layer, and H = 2.6 for the laminar one.
 

[31]. For the boundary layers measured here, we found the values of
 

H up to 3. This could be attributed to the fact that the calculation
 

is based on the reconstructed profile of the wall boundary layer. In
 

addition it was found that the boundary layer on the plate not always
 

has the dependence in all cases, on the boundary layer thickness, path
 

length, and incident velocity, as is predicted-by theory. As mentioned
 

in [31], the theoretical relationships hold exactly only for tunnels
 

without a pressure gradient and low turbulence, which have carefully
 

shaped plate leading edges. -In these measurements, however, the ve­

locity and pressure gradients were not corrected, which are caused by
 

the fact that the boundary layer at the channel walls becomes thicker.
 

The plate leading edges could only be made as pointed as was allowed
 

by the channel geometry. The shape of the profiles corresponds to the
 

shape of the plate boundary layer for laminar or turbulent flow, or
 

for a transition state between them, as Figure 5 shows.
 

It is found that the measured and then normalized profiles can be
 

represented to a good degree of approximation as the superposition of
 

the laminar>.and turbulent plate boundary layer profiles.
 

-Since we must expect that the influence o the flow on the opening
 

impedance is essentially chracterized by the part of the pr6file near,
 

the wall, we characterize the measured profile by the velocity gradient
 

Y at the wall. 


0,157 
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.-	 was expected, in the measurements we found a clear relationship
As 


with the shaped parameter H, and y, so that we did not evaluate y
 

during the remainder of the evaluation. The laminar and turbulent
 

character of the boundary layer profiles measured here can therefore
 

be well-represented by H.
 

In order to vary the thickness and the shape of the boundary layer,
 

the 	path length (plate length) was changed or tripping wires were at­

tached ahead of the opening, and also the channel cross-section was
 

changed. However, the attempts to produce thick laminar- or thin tur­

bulent boundary layers were not very successful. In order to show
 

for 	what boundary layers the acoustic impedance-and.the uniform flow
 

resistance of the opening could be determined, Figure 6 shows the
 

quantities 6* and H which characterize the boundary layer in these
 

measurements. The measurements can be divided up into two regions.
 

The first region is located at H = 1.5 (turbulent profile), and inej
 

cludes boundary layer thickness between 1 and 2 mm. All of the thin­

ner 	boundary layers lie in the range. There, H takes on values between
 

1.8 	and 3.
 

5. 	Measurement of the Uniform Flow, Resistance of the Opening with
 
Tangential Flow. Design of the Measurement Installation, Measure­
ment Execution and Evaluation.
 

In the measurement of the acoustic impedance of an opening, both
 

for 	flow through the opening and for tangential flow, it is found to
 

be appropriate to extrapolate the real part of the acoustic impedance
 

to the frequency w = 0, and to then compare it with the uniform flow
 

resistance of the opening. The purpose of this is to establish up to /22
 

what frequencies the behavior of the Jacoustically-measuret resistance
 

of the opening can be characterized by the resistance measured for
 

= 0. If such relationships are found, it is possible to replace the
 

complex acoustic measurements by simpler uniform flow measurements, at
 

least for the low frequency range.
 

In order to obtain an overview on this, at the beginning of the
 

acoustic measurements, and to determine how the uniform flow resis­

tance depends on the flow parameters, we determined the uniform flow
 

resistance for various shear layers. The same was done in almost all
 

of the acoustic measurementas, in order to be able to make the compari-


ORIGIAL PAGE 18
16 

or POOR QUAX 



son discussed above. It was a disadvantage that both measurements
 

could not be done simultaneously, but that instead the measurement
 

instrumentation had to be rebuilt to measure the flow resistance.
 

Instead of loudspaker 1, the measurement tube was closed off with a
 

plate; the leads for compressed air ahd the measurement of the static
 

pressure were contained in it. All of the installations in the tunnel
 

were left alone. This conversion, unfortunately, had to be done be­

cause a tap for the measurement of the static pressure inside the im­

pedance measurement tube would have represented an acoustic "leak",
 

which could not have been considered in the exact calculation of sound
 

propagation in the tube at the required accur-acy..
 

In order to measure the uniform flow resistance, the pressure dif­

ference between the static pressure and the channel and-in the tube
 

js± measured with a Betz manometer. Pressure changes down to 0.02
 

mmWS (water column, corresponds to 0.2 N/m2) can be read-off well. The
 

average flow velocity through the opening is-measured with a flux
 

meter. The flow velocity vG through the opening was a maximum of
 

40 cm/s, and therefore is on the same order as the speed of sound
 

through the opening. For configuration A, it was a maximum of 30-40
 

cm/s, and for configuration B it was a maximum of 80 cm/s. The pres- /23
 

sure difference between both sides of-the opening plotted as a func­

tion of the flow velocity shows a linear relationship (Figure 7a).
 

That means that in this range, the flow resistance is constant.
 

In [17, 181, it was reported that the flow resistances are discon­

tinuous at vG = 0 m/s. Depending on whether one comes from the side
 

of positive or negative flow, one obtains flow resistance values which
 

are different by more than 20% [18]. FSince in our measurements, the
 

flow velocitie.the jpninradius, and the ratio 6*/a for the most
 

part were in this same range, we were not able to detect this contin­

uity. On the other hand, if from Figure 8 in [18], one calculates
 

the relationship between the pressure difference and VG, and we can
 

see that a straight line results there as well.(constant flow resis­

tance). The reason for the discontinuity is the fact that the line
 

does not go through the origin, in other words, there were differences
 

in the static pressure between the inside and the outside in the
 

measurements, even without the flow (through the opening). This zero
 

point displacement.must be subtracted from the measured pressure
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because the pressure taps in the channel and behind the opening react
 

differently to the tangential flow.
 

The lasymmetry of the uniform flow resistance found in [17] at high
 

flow velocities (through the opening) is quite understandable, as dis­

cussed in the introduction. It occurs atv[/Airatios which do not occur
 

in our own experiments.
 

The inclinations of the lines in Figure 7a increased as a function
 

of the flow'velocity in the tunnel, i.e., the uniform flow resistance
 

is a function of U. Figure 7b shows the uniform-flow resistances for
 

different flow velocities, and the boundary layer thickness did not
 

change by more than 15%. This.results -in a linear.relationship between
 

RS and U. However, this was no longer -the case for the measurements
 

where the boundary layer thickness changed drastically. As the boun- /24
 

dary layer became thicker, RS decreased in spite of increasing flow
 

velocity.
 

In the following, we will consider only the additional uniform flow
 

resistance RG caused by the tangential flow. This is the resistance
 

which results from the resistance RS measured with tangential flow-by
 

subtracting out the resistance R obtained for quiet air.
 

R0 

G S 1 
This uniform flow resistance depends on the thickness of the boun­

dary layer above the opening. In [143, we normalize the uniform flow
 

resistance as follows:
 

C-' CAstat PCc .-0,85 "U1 

(The reason for the special standardizationjof RG will become clear in the
 

comparison of the acoustic measurements of section 6.2.1). It was found
 

that Astat is a function of the'ratio of the boundary layer thickness
 

and the opening radius (6*/a). For the measurement configuration A and
 

the opening radius a = 2 mm, Figure 8 shows the relationship-between
 

Astat and 6*/a found from the measurements. In the range 6*/a ) 0.5,
 

Astat is constant and has a value of Astat " 0.2. For */a < 0.5,
 

Astat increases. At 6*/a = 0.15, we find a A stat:about 0.65.
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6. Measurement Results
 
6.1 Standardization of the Acoustic Impedance of the End Correction
 

In practice, in most cases, the flow properties of a tunnel are
 
specified by its geometry and the installations which are installed
 
once. If the installations are not changed, then one can specify the
 
other parameters of the flow by specif9ing the flow velocity. For
 
example, the boundary layer thickness can be specified. The change in /25
 
the acoustic impedance of the wall linings, such as openings in the
 
channel wall, is therefore usually considered in these cases as a fune­
tion of the flow velocity. As an example, Figure 9 shows the acoustic
 
impedance of the end correction of an opening as a function of the flow
 
velocity in the complex impedance plane. The real and imaginary part
 
are made non-dimensional with pc. In the following, we will first con­
sider the solid line parts of the measured curves. We will discuss the
 

dashed parts later on.
 

One can see the characteristic properties of the impedance curve as
 
discussed in [14].
 

1. For small flow velocities, the impedance describes a spiral in
 
the complex plane.
 

2. For large flow velocities, this spiral becomes a straight line.
 
This range is cal!hd quasi-stationary, because here the stay time of
 
the flowing fluid over the opening is small compared with the acoustic
 

period.
 
From the individual--representations for the real part and the imagi­

nary part, we can see the following.
 

3. In the spiral range, the real part of the impedance end correc­
tion can become negative.
 

4. For large flow velocities, the real part increases linearly with
 
U. (however, this only applies as 
long as the boundary layer thickness
 

is almost constant).
 

5. The mass part of the impedance first increases above the value
 

for air at rest.
 
6. For large flow velocities, the imaginary part decreases greatly.
 

This decrease can be greater than the mass part of the end correction
 
for air at rest. For the measurement shown in Figure 9, we found only
 
90% of the theoretical value of the imaginary part for air at rest.
 
These characteristics in the impedance curve occurred for all the 
 /26
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measurements, with the exception of the spiral whic- usually was 
less
 

well developed.
 

In the representation of the real part of the acoustic impedance,
 
as a function of the flow velocity, we also show the uniform flow resis­

tance.RG measured for the same conditions. It can be seen that the
 

spiral with the uniform flow measurements cannot be covered. On the
 
other hand, in the quasi-stationary range, the difference between the
 

two 
curves becomes smaller with increasing tangential flow.(that is,
 
with decreasing Strouhal number, see below). In other words, for large
 

velocities the acoustic resistance approaches the uniform flow resis­

tance.
 

At the range of small frequencies (w 0-) the acoustic resistance
 

should also approach the uniform flow resistance. In order to compare
 
both resistances, the frequency is used as a parametermin.the measure­

ments, and the curves for the real part of the impedance are extrapo­

lated to w = 0.
 

Compared with the other possibility of using the flow velocity as
 

the parameter for the measurement, this has the advantage of the flow
 
velocity and the other properties of the flow over the opening remain
 

constant during the test series. 
 If the boundary layer thickness changes
 
during a measuremen series, then deviations can occur in the curve dis­
cussed above. In our own measurements, because of the different instal­
lations in the tunnel, the boundary layer thickness no longer decreased
 

with the flow velocity, but instead increased. This was associated
 

with a decrease in the real part of the impedance, and a strong increase
 
in the mass contribution (dashed variation, Figure 9). In section 6.2.2
 
we will show that in comparison with measurements for boundary layers
 

of different thickness, the boundary layer thickness is responsible
 

for the defects. Therefore, in all of the other measurement series,
 

the frequency was varied and the flow velocity-over the opening remained
 

constant. 
Ad already discussed in section 3.3.4, the impedance of the /27
 
end correction was standardized with the imaginary part X of the impe­
dance for air at rest (X0 0.85 apw). The frequency was made dimension­

less with the flow velocity and the opening radius, and in this way one
 

obtains a reciprocal Strouhal number, S- 1 = U/aw. This standardization
 
was also carried out in Figure 9, on the -right and upper edge of the
 

figure.
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.Figure 10 shows an impedance curve measured for constant boundary
 

layer thickness. The properties of the impedance curve discussed above
 

become apparent here as well. The measurement series was used for com­

parison to again clearly show the spiral. The quasi-stationary range
 
-
with the linear connection between S 1 and the real part is not com­

pletely achieved in this representation.
 

6.2 Measurement Configuation A
 

In the following we will first discuss the results obtained with
 

All of the results in this section were ob­the measurement tube A. 


tained with opening 1. The-opening was made up of an 11-cm long and
 

straight tube with a diameter of .4mm which ends in the plate with the
 

flow. By changing the flow velocity, the plate length in front of the
 

opening, and by adjusting the wing at the trailing edge of the plate,
 

different boundary layers over the opening resulted. Differences in
 

the impedance of the end correction between the individual measurement
 

series should be attributed only to influences of the tangential flow
 

The flow should no longer have an influence
for this configuration. 


over the sound propagation inside the tube, except in the opening
 

region.
 
/2
For 27 measurement series, we change the frequency in the range with 


t6W6Hz-hip to- m-aximum o'_3-000 -Hz. - The velocifties of' the channel­

flow varied between U = 4 m/s and U = 78.6 m/s. From this, we have the 

Strouhal number range 0.026 < S <137.6 and a reciprocal Strouhal number 

range of 0.1 < S-1 < 9.4. For the displacement thickness, we had values 

between 6* = 0.26 mm and 6* = 2.0 mm. The shape parameter H was between 

!.4 and 3'. (The values of H and 6* for the acoustic-measurements were 

indicated in Figure 6 with squares). The results of these measurements 

are shown in Figure 11.
 

Since apparently the resistance and mass part of the impedance vary
 

with S in different ways, we will consider them Beparately in the
 

following.
 

6.2.1 	Real.Part of the Opening Impedance
 

In the upper part of Figure 11, we show the real part of the impedance
 

of the end correction as a function of S- . For five different boundary
 

one
layer thicknesses, we show the points connected which belong to 
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-
measurement series (constant U, variable frequency). For large S , the 

measurement points lie quite well along a straight line, which has the 

equation 
R "R. _A k S ­

-0,85-0- Aakust + B 

Aakust R + B 

[14]. The inclination of this line apparently increases as the boun­

dary layer becomes thinner. If one standard-izes the real part of the
 

acoustic impedance using pc, then after a calculation we find
 

R A f (1 + BTC 0, akust c Aakust U /22) 

If w goes to zero, then we obtain
 

PA S= 0,85 A U 

The line inclination
 

R( =O) c

Aakust - o 5 U 

determined from the acoustic impedance can be compared with the stan­

dardized uniform flow resistance
 

Ac 1 
Astat TC' -0U 

discussed in section 5, because both were measured with the same con­

ditions (Figure 12). First we will only consider the points indicated
 

with circles (measurement configuration, A).
 

In [14J, it was shown that Aakust and Astat coincide for thin boun=
 

dary layers. This can be verified from these measurements for &* up
 

to 2 mm. The differences which still exist can be attributed to the
 

fact that the acoustic measurement and the uniform flow measurement
 

were performed separately (see section 5). If one also includes the
 

measurement results.using measurement configuration B, as-a preliminary
 

discussion to section 6.3, (Figure 12), squares), then the Figure gives
 

an impression of how much it is possible to determine the inclination
 

mentioned above using flow measurements.
 

The relationship between Astat and 6*/a discussed in section 5
 

should also hold for Aakus t and 6/a according to the above. In Figure 

13 we show the values of A determined from uniform flow measurements
 

and from impedance measurements. As would be expected, these curves /30
 

lie quite well along a straight line. The scatter in the range
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6*/aO0.4 is too large to be explained by the measurement inaccuracies,
 

therefore one can raise the question of whether A depends on other para­

meters. Therefore, Figure 13b gives the relationship between A and
 
the momentum loss thickness o of the boundary layer. The shape of the
 
curve remains the same. Th& scatter is not reduced. It seems to be
 

somewhat smaller, but the changed scale must be considered. If one
 

orders the measured points plotted against 6*/a according to the shape
 

parameter, then we have a slight change. Since the shape parameter H
 
is the relationship between 6* and j, -we should not-expect a great in­
fluence on A according to the above. Since there are only sufficient
 
measured values for the range 6*/a [ 0.4 with.different values of H,
 

this range was shown in Figure 14 on an enlarged scale. Indeed, there
 
is now a slight dependence on the shape parameter. The curves A = 

f(6*/a) are displaced to the left as H increases. The A apparently
 
are determined by an effective, flow velocity over the opening. This
 
effective flow velocity could be understood as the weighted velocity
 

distribuon.. The weighting function would have to decrease with in­
creasing wall distance. The following discussion will demonstrate
 

this.
 

First of all, the values of A become smaller with increasing boun­

dary layer thickness, i.e., smaller flow velocity near the opening.
 

However, they also become smaller when the effective flow velocity
 

near the opening becomes smaller with- increasing shape parameter H -0
 

that Eswhen the gradient y of the standardized profile becomes smaller
 
near the wall, assuming constant boundary layer thickness. Therefore, /31
 

we find that the ratio is best suited to characterize A, out of all of
 

the other flow parameters.
 

It should be noted that we were not successful when we plotted A as
 

a function of the boundary layer thickness formed with the inflection
 

tangent of the boundary layer profile. The measured values scatter too
 

much in this representation. Such a representation would be a measure
 
for the non-standardized average inclination, in the lower range of the
 
profile. According to [143, this should be the important parameter for
 

thick boundary layers, and for 6*/a >> the A values should go to 0.
 
However, in these measurements we found for 6*/a n 1 (opening diameter
 
4 mm) that the value of A was only about 0.2. IThi-s same value was
 

found for 6*/a u 2 for uniform flow measurements with a 2 mm opening.
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We could not determine whether this constant value is extended up to
 

higher d*/a ratios.
 

In order to test whether the turbulent velocity fluctuations near
 

the opening are responsible for the increase in the real part of the
 

opening impedance, we measured the degree of turbulence at various
 

points of the shear layer. However, we were not able to find any con­

nection between the degree of turbulence and the inclination A.
 

In Figure 15 we attempted to show the most important relationships 

between the real part of the impedance and S-1, as follows from the 

measured values of Figure 11. From the two figures we can see that 

the real part already increases strongly starting at-S - ! = 2. The 

inclination of the curve is between 0.35 (thick boundary layers) and 

0.85 (thin boundary layers). The curve of a real part bends off only
 
-
for higher S values, into the quasi-stationary line with an incli­

nation between 0.2 and 0.6 according to the boundary layer thickness.
 

As the boundary layer becomes thinner, the point of beading off is
 

displaced towards larger reciprocal Strouhal numbers. The range of
 

the steepest increase in the curve becomes larger. Assuming that this /32
 

trend continues towards smaller 0*, we can expect a maximum A of about
 

0.85.
 

In order to determine the impedance of the end correction in the
 

quasi-stationary region, we require not only the line inclination A [bult
 

also the ordinate segment IB.- Therefore, from an extrapolation in the
 
-
line in the quasi-stationary region, to S 1 = 0, we also determined B.
 

However, we were not able to find a dependence between the flow para­

meters and B, as we could do for A. We could only establish that for
 

thick boundary layers, we have B n,0.5, and for thin boundary layers,
 

B 't 2. However, in between we have B values of about -0.25 as well.
 

From the relationship given above,
 

L-. = o,85 A (1 + B 2E 

and the standardization of the equilibrium flow resistance,
 

S0,8 AU 

in section 5 we obtain
 

R -- (1 + B a ) 
PC C A U -

The factor '(1 Ba therefore is the ratio of the uniform flow resis­

tance of the opening and the real part of the acoustic impedance. For
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large S- 1 it goes to 0.
 

In these measurements the ratio B/A was between 5.3 and -0.8. The
 

term B/A - S can therefore amount to up to 50% of the-impedance for
 
I
S- = 10 for example. Therefore, we cannot ignore it in general. /33 

The inclination A was determined from the uniform flow measurements.
 

For B, we can only make the general statements given above. Summari­

zing, we can say that the variation of the real part of the acoustic
 

impedance in the quasi-stationary range cannot be derived from the
 

uniform flow measurements in a satisfactory and quantitative way.
 

If we consider the curves for the real part in Figures 11 and 15,
 
-
then they seem to be divided into three regions-. Up to S 1 r 2, we
 

can see the spiral. In this region, the real part coincides quite
 

well with all measurement series, in this representation. The maximum
 

of R/X0 is located at S -1. 0.8, and the minimum at S 1u 1. The nega­

tive real part therefore can be explained by the fact that at this
 

Strouhal number, apparently energy is supplied from the channel flow
 

to the acoustic field in the opening.
 

In the region of larger S- 1, we have the transition region where the
 

inclination of the real part curve is greater than the quasi-stationary
 

line. As the boundary layer becomes thicker, this increase becomes
 

flatter.
 

The transition into the quasi-stationary range occurs at increasing
 

reciprocal Strouhal numbers, as the boundary layer becomes thinner.
 

6.2.2 Imaginary part of the opening impedance.
 

For the imaginary part of the opening impedance,- we can no longer
 

make such detailed statements as for the real part. Again, we can dis­

tinguish between the spiral part and the quasi-stationary part (Figure /34
 

11).
 
-
At S 1 % 0.8, the imaginary part reaches a maximum of about 1.5 X0
 

After this, depending on the boundary layer thickness, we have different
 

curves [,Ihe relationships are somewhat more clear-inFigu-
! 16a, (U
 

40.3 m/s), and in Figure 15, (below), which-shows curves for 5 boundary
 

layer thicknessesiJ.
 

The value of X/X decreases by only about 1/2 a unit for a boundary
 

layer thickness of about 2 mm.. At higher reciprocal Strouhal numbers,
 

there is then a second maximum of the imaginary part. It becomes clear
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why there was a growth in the imaginary part with flow velocity in the 

measurement shown in Figure 9. 

For the smallest measured boundary layer thickness 6* = 0.26 mm, the 

imaginary part drops down to about -0.5 X0 then remains constant up to 
-
S 1 % 18. For higher reciprocal Strouhal numbers, the mass part de­

creases in all curves (the smallest measured imaginary part was X/X0
 

%-2 and S- 1 = 32).
 

We can explain the fact that the imaginary part becomes negative
 

using the cover-like behavior of the shear layer for large S-1 as ob­

served. This cover-like behavior results in a spring-like character
 

of the impedance.
 

The relationship between the shape of the curve for the imaginary
 

part and the boundary layer thickness cannot be easily described in a
 

quantitative manner, as was possible for the line in the quasi-station­

ary range. Therefore, from the curve we selected two characteristics,
 

and investigated their independence jo 6*/a (see Figure 15). First of
 

all, we consider the height of the second maximum of the curves as
 

well as the reciprocal Strouhal number, where the curves first deviated
 

from the curve for the thinnest boundary layer. These relationships /35
 

are shown in Figures 16b and 16c.
 

In the range 6*/a 0.2, these two characteristics of the imaginary
t 

part curves vary the most. This is also the range in which the incli­

nation A of the real part of the impedance changes greatly.
 

6.3 Measurement Configuration!B
 

In the measurements discusse-in the previous chapter, the opening 

was 11 cm long, that is , the tube itself. However, this case does 

not occur in practice. In general the ratio of the opening lengths and 

opening diameter is I or smaller. However, when the opening ends in a 

cavity (here the wide tube with a diameter of 20 mm), then there will 

be additional defects which influence the impedance along the inner 

side of the opening or in the cavity. Therefore, we can ask to what 

extent the results obtained for the long opening can be transferred to 

these thinner openings. 

6.3.1 	Openings of Different Lengths
 

First of all, we measured two openings (diameter 4 mm) with a length
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of 4 and 1 mm, using measurement configuration -. The measurements
 

were carried out for both openings for the same boundary layer thick­

ness. As an example, we show the curves for U = 69.8 m/s (Figure 17).
 

In principle, we obtain the same results for the other flow velocities.
 

We also show a measurement series for comparison (U = 69.8 m/s), which
 

was recorded using measurement configuration A at approximately the
 

same boundary layer thickness. 


For the real part, we do not find any great differences-between the
 

4-mm - or the 1-mm opening length. In the case of the uniform measure­

ments, we obtain approximately the same value for both openings (A' l
 

0.60 for 6*/a % 0.34). For the same 6*/a ratio, a maximum value of 

A = 0.35 was measured using measurement configuration A. (Figure 13a). 

Therefore, the comparison curve (measurement configuration A) in the 

quasi-stationary range differs clearly from the curves for the two 

other thinner openings. The ordinate sections B are also different. 

We can notice differences in the imaginary part for the 4 mm and the 

1 mm opening length. The curve for the 1 mm length runs at a distance 

of about one unit below the curve for the long opening (A). In the 

case of the 4 mm long opening, the mass loss is m larger in compari­
-
son, from about 1 X at S = 2 to -2 X at S- 1 = 16. The reasons
0 O 

for these differences can be attributed to the changes in the opening
 

geometry and because of the presence of the cavity behind the opening.
 

For air at rest, the value-for the impedance of the end correction
 

of the opening was properly derived from the measurements; in other
 

words, the correct value for the inner end correction was substituted
 

in the data reduction.
 

When calculating the reflection factor along the top side of the
 

measurement tube, it is assumed that the flow does. not influence the
 

acoustic field in the opening throat and the measurement tube. Cer­

tainly this is no longer the case for thin openings. Therefore, the
 

measurement results are no longer to be interpreted as though they
 

alone give the impedance.of the end correction. Instead; the influences
 

of processes behind the opening and in the cavity are also included.
 

(vortices). These differenic-jJbetween the undistunbed sound propagation
 

in the measurement tube for air at rest and disturbed sound propagation
 

with tangential flow cannot be separated from the changes in the impe­

dance in the end correction using this data reduction. However, it is
 

questionable whether it is possible to separate the flow into two parts
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in theopening region, where one is responsible for the change in the
 

impedance of the outer end correction, and the other is responsible
 

for the same for the inner end correction.
 

6.3.2 	 Two adjacent openings.
 

As the next item, we investigated two openings (diameter 4mm, length
 

4 mm) which were located symmetrically with respect to the axis of the
 

measurement tube at a distance of 8 mm from each other.( a = 0.08).
 

The inner end correction was assumed to be 1Ek = 0.35 a in the
 
k
 

evaluation for the two openings (section 3.3.3). This value could not
 

be immediately assumed for the outer end correction, because the openings
 

could not emerge into a tube and instead emerged into-a hemispherical
 

space. As discussed in section 3.3, there should be a transition be­

tween the sum of the end corrections and several individual openings
 

(a << 1) and the one for the single tube (a = 1) as a function for the
 

number of openings.. In agreement with this, we find a somewhat greater
 

end correction for each of the twoladjace-n openings which lie between
 

1.5 X and 1.1 Xo, and depend somewhat on frequency.
 

In the following figures, we show the impedance of the end correction
 

of the individual opening. This is true for measurements using two or
 

nine openings. We make the variable non-dimensional using the theo­

retical imaginary part-TX0 % 0.85 ap).at rest. This means that we can
 

compare the individual opening and several aUacent openings. The 


measurements with tangential flow were performed for two different
 

configurations of the openings with respect to the flow direction. In
 

the first case the openings were behind each other in the flow direction.
 

In the second case they were perpendicular to it. In this way, we wish
 

to establish whether interactions between the two openings occurred
 

because of the flow.
 

Figure 18 shows thelmeamurenht results compared with the individual 

openings 4 mm, length 4 mm.) The flow parameters, again, 

were U = 69.8 m/s and 6 */a = 0.34. The curves for the real part de­

viate somewhat from each other, but the deviation is small compared
 

with the scatter of the measured values. In the case of the imaginary
 

part, the mass decrease is almost equal, if we consider that the mass
 

fraction of the end correction for the air at rest for-two openings is
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greater than for a single opening. The only exception to this is that
 

-
after S 1 = 10, the imaginary part for openings perpendicular to the
 

flow decreases drastically, in contrast to other curves.
 

Because of the similarity of the curves up to S-1 = l0, we can con­

clude that within the framework of the measurement accuracy, and a
 

distance of 8 mm between the two openings, no interaction was caused
 

by the tangential flow. This is true for openings parallel and perpen­

icular to the flow direction.
 

6.3.3 	 Nine Adjacent Openings
 

In order to be able to investigate the behavior of the acoustic
 

impedance of a perforated plate in tangential flow, as using our instr­

mentation, we drilled nine holes in the exchangeable end discs of the
 

measurement tube B. The diameter again was 4 mm (c = 0.35j , other di­

mensions given in Table 1). For air at rest, the imaginary part of the
 

end correction of a s-ingle opening again was a value which is greater
 

than X as a function of frequency it was situated between 3.3 X and
 
The 	curves measured for tangential flow-were again compared
2.2 	X0 00
 

with those for the single opening. Figure fljgives an example of the­

measurement for U = 69.8 m/s, 6*/a = 0.34. There are differences in the
 

spiral region for the real part. On the other hand, the deviations
 
-
very great after S 1 ,9areIetw-eenthe quasi-stationary lines not 

The imaginary part was measured for small S-1 up to 3.5 -Xo . After
 

this the curves are similar to those found for two openings and they
 

are 	at about the same distance from one another. Above S-1 F14, the
 

mass part of the end correction of one of the nine openings decreases
 

greatly compared withi a simgle opening. -At S- 1 u 22, we reach a value
 

of 	-4 X . It could be that here the differences in behavior of the
 

end 	correction of the 4 mm opening and the end correction of the mea­

noticeable for tangential flow. The
surement tube B (20 mm) become 


measurement results for the other tangential flow velocities are simi­

lar.
 

6.3.4. 	 Opening with Rounded Edges
 

During the investigation of the single opening, we pose the ques­

tion of the dependence of the opening impedance on the boundary layer
 

thickness. We wish to establish how great the changes are caused by
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different machining of the opening, for example, rounding off of the
 

opening upper edge. All of the reviousl-y mentioned openings always /40
 

had sharp edges. One of the openings (diameter 4 mm, length 4 mm)
 

had a greatly rounded off upper edge (rounding radius 1 mm, see Table
 

1). The calculation of the impedance of the end correction was done
 

as though.the opening throat was 4 mmdlong,,in other words, the effects
 

caused by the rounding off were.contained in the end correction impe­

dance. Therefore, for air at rest we only measured values between
 

0.5 X and 0.8 X . In Figure 20 we again show the results 'for the
O 0 

measurements performed at U = 69.8 m/s and 6*/a = 0.34.
 

By rounding f, the increase in the lines in the quasi-stationary
 

rangeib comes flatter. (for the sharp edge opening, A % 0.6; for the
 

rounded opening, A 'b 0.4). The fact that A has decreased by almost
 

one-half is probably not to be interpreted as though the rounding makes
 

the influence of the flow on the flow side end correction almost vanish.
 

In the spiral range the values for the rounded opening are also
 

smaller. Just like for air at rest, in the case of tangential flow,
 

the mass fraction of the opening impedance is smaller. However, this
 
-
is only true for the spiral region, above S = 3 all the curves are
 

about the same;, in other words, the .rounding off does not have any great
 

influence on the imaginary part. We can see that the rounding off of
 

the opening edge on the side of the flow,has a great influence on the
 

real part of the impedance. In order to obtain a similar decrease
 

from A n,0.6 to A x,0.4, for measurement tube A, for example, the boun­

dary layer thickness w6uld have had to increase by 50% there.
 

6.4 Comparison betwen Both Measurement Configurations. /41
 

As a conclusion, we will again compare measurement results obtained
 

with measurement configuration B with those obtained with measurement
 

configuration A.
 

For the real part, we can see that for constant boundary layer thick­

ness, the inclination of the straight part of the curve was independent
 

of the opening length (4 mm or 1mm), or of the number-of openings. We
 

found large differences for the inclination A, when the edges were
 

rounded off, or between the measurement results for both measurement
 

tubes. Figure 21 again shows the values measured with the long tube
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A = f(L*/a). Also we show the A-value obtained from acoustic measure­

ments and uniform flow measurements for openings of different lengths,
 

for two or nine openings, and for the rounded.opening. The differences
 

between the measurement results wtth both configurations are greater
 

than could be explained by the measurement accuracy. The A-value for
 

the rounded off opening.should be considered in connection with the
 

results for measurement B. (The fact that they coincide with those
 

for measurement configuration A is-probably a coincidence.) The A
 

values determined with measurement B (the acoustic as well as the
 

static values) differ from those obtained with measurement tube A.
 

Therefore, it must be assumed that the opening behin the cavity is
 

responsible for this. In contrast to the imaginary part, apparently
 

it does not matter whether the opening has a length of 4 mm or 1 mm.
 

For comparison we will again consider the A values obtained for 

uniform flow given in [151. There, measurements were performed in a 

channel with strong pressure gradients for three different laminar 

boundary -layers. Just like in-our measurements, where only the boun­

dary layer thickness was changed, the A values lie quite well along a 

curve (Figure 22a.). It is found that the A value from [15] oincides,/42 

well with our own measurements with measurement tube A, even though 

in1,[15] there was a 80 cm3 cavity behind the opening __ . 

This seems to indicate that the strong pressure gradient given in 

[151 has an influence on A because of the form parameter. Unfortunately 

we cannot make additional statements, because in the measurements of 

[15] the boundary layer profile was not evaluated as accurately as in
 

our measurements.
 

Previously, for the same boundary layer thickness we made measure­

ments with different opening radii'(opening length 4 mm, the 7 mm opening 

was 9.8 mm long). Figure 22b shows the result the A = f(6*/a) curves 

are displaced to the right with decreasing opening radius. The changing 

ratio of the opening length and opening radius does not seem to be the 

reason why the measurements for the 7mm opening- (T ='2.Uand th6z3­

mm opening (1/a = 2.67) are clearly separated from one another. 

Not as much information can be obtained for the imaginary part for
 

comparison between the various measurement configurations. In contrast
 

to the real part, we find differences, not only between both measurement
 

configurations but also for different opening lengths. The deviation
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was not so great for two or nine openings, next to one another.
 

7. FINAL CONCLUSION /43
 

7.1 Measurement Results
 

In order to make general statements about the general behavior of
 

the acoustic impedance of openings in a tangential flow, it is neces­

sary to compare measurements where only one of the various parameters
 

was varied.
 

First of all, we can state the following, and these statements
 

are valid for all of the impedance curves measured for a constant boun­

dary layer thickness. In the complex plane, the impedance of the end
 

correction with tangential flow first describes a spiral with decrea­

sing frequency, and then emerges into the so-called quasi-stationary re­

gion (Strouhal number goes to zero). There, the normalized real part can
 

be described as a function of the reciprocal Strouhal number S- 1 in the
 

form of a straight line (in other words, the real part divided by pc
 

goes to a constant value). Inclination A of this straight line can
 

be determined from the uniform flow resistance of the opening, which
 

is suitably normalized. If we change the boundary layer thickness
 

above the opening, then it is found that the inclination of the straight
 

line for the real part is best represented as a function of the ratio of
 

the -displacement thickness 6* and the -opening radius a. The form para­

meter H of the boundary layer profiles only has a small influence. In
 

other words, there are no large differences between the inclination of
 

the real part measured for laminar-or turbulent layer profiles, assuming
 

that the displacement thickness 6* is the same. For 6*/a < 0.3, A in­

creases greatly (4 mm opening). The normalized imaginary part, as a /44
 
-
function of S , also changes in the same region. For thin boundary
 

layers, the imaginary part decreases until it takes on a constant value
 

of about -0.5 Xo for large S
- , that is, in the complex plane the im­

pedance curve becomes a parallel line to the real axis. As the boundary
 

layer becomes thicker; on the other hand, in the region S- 1 % 10, a 

second maximum develops. The imaginary part-remains positive. For very 

large S-I , we find a further decrease in the mass fraction of the impe­

dance for all measurements. The relationships given here appear espec­

ially clearly when the opening throat is very long (Apparatus A). 
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For the case where the opening is no longer formed by a tube with
 

a constant diameter, but emerges into a larger tube after 4 or 1 mm,
 

there are changes, even though the other parameters remain unchanged,
 

especially the boundary layer thickness. The inclination of the straight"
 

line for the real part barely changes between the 4 mm opening and the
 

1 mm opening length. Both are clearly different compared with values
 

measured twith the long tube. There are clear- deviations in the imagi­

nary part already between the 4 mm and the 1 mm opening lengths. Both
 

curves are different from;those measured with the long tube.
 

If several openings emerge into the -large.tube and again for the
 

same boundary layer thickness, then in these measurements the incli­

nation of the real part of the impedance of the end correction (eferred
 

to one of the openings) is about the same as for the single opening.
 

For the imaginary part curves, there are changes compared with the sin­

gle opening only at large reciprocal Strouhal numbers. If the opening /45
 

edges are greatly rounded off, the inclination of the straight lines is
 

reduced in the quasi-stationary range. The imaginary part is not in­

fluenced as much.
 

If one measures the uniform flow resistance for different opening
 

radii with the same installations in the channel, then the curve men­

tioned above is displaced toward larger &*/a values. This curve gives
 

the dependence of the inclination-of the real part or of the suitably
 

normalized uniform flow resistance on 5*/a. These experimental findings
 

can be classified as follows.
 

In the case of measurements with the long opening (measurement con­

figuration A), the influence of the flow on-the impedance of the ex­

ternal end correction was.measured. Because of the evaluation with
 

the reflection factor in the plane of the opening upper edge-discussed
 

here, there are other processes which contribute to the impedance of
 

the end correction, which occur in the opening throat near the mouth.
 

On the other hand, if there is a cavity behind the opening as in
 

measurement configuration B, then the additional influences on the im­

pedance due to processes inside the cavity are carried along in the
 
-
evaluation. These changes are the same for the real part of the impe j
 

dance in the quasi-stationary range and the uniform flow resistance,
 

compared with the measurement configuration A. They are independent of
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the opening length for an opening length-to-opening radius ratio between
 

-
0.5 and 2. The variation of the-imaginary-part with S 1 is not only
 
changed because of the cavity behind the opening, but also because of
 

the different opening lengths.
 

7.2 Comparison of Measurement Results with Theory /46
 

Unfortunately, we can only make a qualitative comparison ofthe
 

measurement results and the various theoretical models. -This is because
 

the theories mentioned at the beginning usually contain parameters which
 

cannot be determined from measurements, or only with difficulty. Whether
 

the assumptions for the models of openings in tangential flow are cor­

rect can therefore be better established by using the experiments for
 

flow visualization over the opening.
 

The model of Ronneberger [14J which was developed for the case of
 

small 6*/a ratios, gives a correct qualitative variation of the impe­

dance curve with the spiral and of the quasi-stationary range (linear
 

increase of real part with S- , constant imaginary part) for thin
 

boundary layers, as his measurements already showpd. In the meantime,
 

by means of flow visualizations above the opening, the most important
 

assumptions of this theory have been confirmed. This model only in­

cludes processes which involve the interactions between the shear layer
 

and the sound in the mouth region of the opening. The comparison of
 

the measurement configuration with the long tube discussed-in section
 

7.1 is appropriate here. For thin boundary layers, there is again a
 

good qualitative agreement. It is only for large reciprocal Strouhal
 

numbers that the imaginary part no longer remains constant in the
 

measurements, but decreases further. The question of why this happens
 

must remain open. The time delay between the sound pressure and the
 

speed of sound over the opening should not be much greater for the
 

impedance of the end correction than is- the time which-a air particle
 

requires to cross the opening. It follows from thisthat the imaginary
 

part of the impedance of the end correction should not decrease further,
 

even though the real part increases linearly with S -. We cannot ex- /47
 

pect an explanation for the second-maximum of the imaginary part which
 

occurs for the thicker boundary layer from the model and its associated
 

assumptions mentioned above.
 

The differences between the uniform flow measureients for openings!­

with various radii can be explained as follows. -fter separation from
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the leading edge of the opening, the plate boundary layer profile is
 

converted into a shear layer profile. It is to be expected that the
 

transition process of the shear layer will require different path
 

lengths depending on the Reynolds number (formed with the momentum
 

loss thickness). Such differences near the wall of the boundary layer
 

profiles only have an influence on the pr6perties of the opening im­

pedance. This could be explained by the deviations between the two
 

measurement configurations. It is conceivable that the turbulent
 

velocity fluctuations in the opening depend on the impedance behind
 

the openingj(depending on the opening, there are different amounts of
 

spring force). Another way to explain this, is to assume just like
 

Mungur [21] that a vortex is created by the tangential flow in the
 

cavity. For example, because of the tangential flow, there could be
 

similar effects on both the internal end correction and the external
 

end correction.
 

The possibilities presented here, unfortunately, are not capable
 

of explaining the differences between the two measurement configurations
 

and for the two different opening lengths.
 

In -order to avoid speculation, and to form a basis for further theo­

retical work; it seems appropriate to investigate the question of the
 

interaction between the shear layer over an opening (for example, in a
 

Helmholtz resonator) and the speed of sound through the opening. This /48
 

should be combined with-measurements of the acoustic impedance of the
 

opening with flow visualization above the opening and-in the cavity.
 

In this way, effects which then occur during the measurement of the
 

impedance can be directly related to influences oftthe tangential flow.
 

Visual observation and simultaneous acoustic measurements should not
 

be simple, however, especially for turbulent flows.
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APPENDIX /54 

Ratio of Acoustic Pressure of Waves Running Back and Forth in Indi­
vidual Microphones in the Measurement Tube.. 

jfow-resistance 

n e s,
 microph o


loudspeaker 11 

opening
 
Super 

r reflectiofactor in the microphone
 

q reflection factor at the flow resistance
 

d microphone permeability factor
 

N number of microphones
 

xn location of n-th microphone from the upper edge
 

'Ek reflection factor in the plane of the opening upper edge.
 

1. Irradiation from Loudspeaker 1
 

1.1 Influence of microphones is not considered.
 

For x, we have:
 

p1 (x) 	 P1, e.~ + e 

for x = 0, we have 	 /55 

It follows that
 

p1 (x) Pi- (r~ eikx + e ikx) 

1.2 	 Influence of microphones on the sound pressure at the opening edge
 
is considered.
 

The reflection factors for the microphones are very small. There­

fore, we only have to consider the first reflections at.the microphones.
 

If we consider the reflections indicated by dashed lines, then instead
 

of the acoustic pressure pl+' we obtain the following acoustic pressure
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at x = 0 for the outgoing wave: 
0
 

N
 
1
iI=+ r Z d2 (- 2ikXn = rEk P1­

where 	 +n=1
 
-2ikx
 FR = I 	+-,r a 1 

we have
 w (x) = 	 D1 rEk FR JiI + eikx 

1.3 	 Influence of the N-1 microphones on the acoustic pressure in the
 

in the n-th microphone.
 

For the n-th microphone, we have:
 

- 2 i

n k(xv

-x n) d2(vn+1)
F1_rEk ndn(+r e
P 1(X) 	 = FR 

(solid lines) /56
 
ikxn a(N-nl)(l+rn-1 -2ik~x-, d2 (n-V-1)]
+ k V=1
 

(dotted lines)
 

hre( N e21kcx'-x ) d2(v-n+l)
where Cn = d I + r Z e 

u--n+1l 

2
and d(N-n +l)1 r n e- ik(xn-xv) d2(n-v.1) 

V=1 

we have
 

tP 1(xn) 	= Pi 1E FR +neix* Dneix1
 

2. Sound irradiation from the Outside
 

2.1 Influence of Microphones is not Considered.
 

For x, we have PAGE IS 
P2 (x) = 2 e-kx + P2 _ e k F pOOR QUAITY 

for x = 1 we have 

f;2_ eikl = q A2 ikl 

It follows that
 

2.2 	 Influence of Microphones on the Sound Pressure Is Considered in /57
 
the Flow Resistance.
 

4o
 



For
 ( . N 	d2(n-) e21kxN, + e-2ikl)- I
 
2
d e + I = 	 r EF0 PQn=1.
 

We obtain from a similar calculation, like 1.2
 

P2 = ikx + e-2k 	F eikx)C) 

2.3 	 Influence of the N-1 microphones on the acoustic pressure at the
 
n-th microphone.
 

Just 	like in 1.3. we obtain 

P (xc q D[Cnikxn + . 

We find the following for the acoustic pressure ratio at the location
 

of the n-th microphone:
 

P 1 (xn) Pl- rEk FR Cn e-ikxn I Dn eik' 
--­ * + . -2ikl eikx,­

.P2 x,) P2+ . n e e . -
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unifi-ff fl-ow diverter
 
] screens ' loudspeaker 2
 

(calibration loudspeaker
 

to sonds 

opening plate in flow :damper 

-- -
-

w i ng 
sand blower, 

-

___measurement tube witl;----- 'ten microphones.
 

flow resistance-;
 

' 	 lloudspbaker 1
 

Figure 1: 	 Sketch of measurement configuration (flow channel).
 

exchangeable disc 

'plate in f• - with opening 

105 
ring separatorvouter-

H- a electrode 

o 
 HS 

installation of 
I Qe-Ca- sell microphones 

flow resistance
 

attachmentfo
 

loudspeakers
 

measurement tube A
 
'measurement tube B
 

Figure 2: 	 Sketches of the two measurement tubes and installation of
 
the sell microphones.
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Lautsprecher I 

Electronic part of measurement apparatus.
Figure 3: 


1 - loudspeaker 2 2- force amplifier 3- 12-bit shift
 

register 4- resistance matrix 5- timing pulse 6- fre­

7- wind tunnel 8- phase-sensitive
quency generator 

rectifier for calibration 9- impedance measurement tube
 

11- phase-sensitive rectifier
10- microphone amplifier 

12- cohverter 13- digital magnetic tape recorder
 

14- loudspeaker I
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Figure 4: Difference between the measured and theoretical reflectionfactors in the plane of the openin 
 pper edge, magnitude
and phase (arc scale) (a = 2 mm, ru 
k1 l, ff)
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Figure 5: Various profiles of the shear layer over the opening (U= 
49.4 m/s). For comparison, we show the theoretical plate boundary 
layer profiles of Blasius (laminar) and-according to the 1/7 power 
law. 
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Figure 7a: 	Pressure difference between both sides of an opening (a = 2 mm) 
as a function of the flow velocity. The tangential flow ve­
locity is the parameter (top). 

7b: 	Uniform flow resistance of the same opening as a function of 
the tangential flow velocity (6* % 1.9 mm.) (below) 
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Figure 8: Normalized uniform flow resistance A of an opening (a = 2mm) 

measurement configuration A) as a function of boundary layer
 
thickness 6* (see section 5 for standardization).
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Figure 9: Impedance of the end correction of an opening (a = 2 mm) as 
a function of the flow velocity at f =. 833 Hz. ( ln# uni­
form flow resistance of opening).
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Figure 11: 	 Real- and imaginary-part of the impedance of the end cor­
rection of an opening (a = 2 mm) for different boundary 
layer thicknesses. 
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Comparison between the acoustic and the uniform flow 
measurements used to determine A. 
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Figure 13: A is a function of boundary layer thickness. 

a) as a function of displacement thickness :*,(top) 
b) as a function,of the momentum loss thickness (ib(bottom) 
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Figure'15: Real and imaginary parts of the impedance of the end cor­
rection of an opening (a = 2 mm) for different-boundary 
layer thicknesses. Relationships of Figure 11. 
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Imaginary part of impedance of the end correction opening
Figure 16: 

(a 	= 2 mm).
 

for different boundary layer thicknesses 
U = 40.3 m/s)


a) 


Second maximum of the imaginary part center.
b) 


c) Reciprocal Strouhal number, where the curve 
deviated
 

from the curve for the thinnest boundary layer.
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Figure 17: Real and imaginary part of the impedance of the end cor­
rection of an opening (a = 2 mm) for different opening
 
lengths (A measurement configuration A, o, -Y.measurement
 
configuration B). U = 69.8 m/s, 6S = 0.68 mm).
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Figure 20: Real and imaginary parts of the impedance of the end cor­
rection of an opening (a =2 mm) with rounded off upper 
edge (U = 69.8 m/s, P* = 0.68 mm). 
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Figure 21: A compared for both measurement configurations.
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Figure 22: Value of A from uniform flow measurements.
 

a) For one opening, a = 2 mm, 1 = 4 mm) for different
 

boundary layer thicknesses (top).
 

b) for openings of different diameters, the same boundary.
 
layer thickness.
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