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Abstract
Several studies of the interaction between air flow and airborne sound in a

duct have been made. Three projects were investigated: (1) The excitation of
boundary layer distortions in a laminar boundary layer by simulated oscillatory
flexural waves was investigated. Results show boundary layer waves are excited
whenever the phase velocity of the flexure wave is in the instability range of the
phase velocity of boundary layer waves. (2) The propagation of a pressure pulse
wave front and the acoustic impedance of porous absorbers are examined in ducts
with air flow. Measurements prove the sound energy of the wave front is directed
towards the walls and the absorber impedance becomes nonlinear when the
absorber is penetrated by the flow. (3) The effect on the acoustic radiation
impedance of an orifice with flow discharge restricted by fences and diaphragms
was investigated. The acoustic resistance was shown to increase at low frequencies
due to the restrictions.
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SECTION I.

Introduction
In previous measurements (ref. 13) the flow boundary layer of a flat plate was shown to

be controlled by acoustical means at the stagnation point of the plate. Another point of interest
is the possibility of acoustic boundary layer control not so much in the stagnation point but
during the development of the boundary layer along the plate itself.

One method in this direction is the interference between the boundary layer waves, which
are an intermediate status of the boundary layer between laminar and turbulent flows, and a
deformation of the plate surface in the manner of a propagating flexural wave. It can be expected
immediately that the interference will be strongest if both types of wave, i.e. the boundary layer
wave and the flexural wave, propagate in the same direction and if their velocities of propaga-
tion are close together.

In the present report (Section II) some critical remarks are made concerning the develop-
ment of flexural waves with the demanded phase velocities. The best method to generate a flexural
wave of variable parameters proved to be the simulation of the surface deformations of a propa-
gating flexural wave through periodically spaced narrow oscillators driven with a given phase
lag. A smoothing of the amplitude distribution is obtained by a flexible foil stretched over the
oscillators. Furthermore, the inertia of the changes in the boundary layer makes a wave out of
punctual excitations periodically spaced.

The investigations of the sound propagation (ref. 13) in sound absorbing ducts with super-
imposed air flow have not answered the question of how the shape of the acoustic wave fronts
are influenced by the gradient of the flow velocity. Another question in this connection is the
existence of a stable wave front in ducts with lateral dimensions comparable with the wave-
length. Measurements at low frequencies indicate the existence of such wave fronts of constant
shape. It is not understood up to now which mechanism compensates for the different wave
convection in different places of the flow velocity profile.

In order to get an insight into the superposition of wave components in the boundary layer
which have run through different zones of flow velocities, the propagation of short pressure pulses
in a duct with and without sound absorbers is studied.

Another topic covered in Section III is the influence of flow on the acoustic impedance of
sound absorbers. In another Report (ref. 13, Vol III), a theory was given for the computation
of the sound attenuation in absorbing ducts with superimposed air flow. The wall impedance of
the absorbers in the presence of the flow entered into this theory. It is important, therefore, to
know whether the impedance is affected by the flow, and if so how it could be evaluated from
the normally known impedance, i.e., without flow.

Acoustical low pass filters are difficult to be realized. Therefore, it will be difficult to inhibit
the sound to be radiated from a flow discharge orifice. The fraction of the radiated sound is de-
termined by the radiation impedance of the orifice. With a tube, the diameter of which is small
compared to the wavelength, this radiation impedance is the termination impedance of the tube.
It can be determined from the standing wave pattern in the tube.

The measurements represented (Section IV) yielded a strong influence of the flow velocity
upon the radiation impedance. Possible reasons for this influence are checked. Some of them,
such as turbulence level in the tube or behind the orifice or the shape of the jet behind the
orifice, proved to be rather ineffective while the drop of the static pressure across obstacles in
the orifice sets up additional terms to the acoustic resistance of the orifice.

1



SECTION II.

Effects of Acoustic Excitation on the
Flow Boundary Layer In Air

EXPERIMENTAL SET-UP
The influence of the deformation of an otherwise plane wall by a propagating wave on the

flow boundary layer has been investigated theoretically by several authors (refs. 2, 3). The
present report especially deals with experimental investigations of the excitation of boundary
layer distortions by such wall deformations.

The duct used for these measurements had the lateral dimensions of 10 x 10 cm 2 and allowed
measurements in the flow velocity range from 5 to 40 m/sec. The turbulence level of the incom-
ing flow on the duct axis is smaller than 4-10-4%. Into this duct a flat plate with a sharp leading
edge is mounted parallel to the flow. The central section of this plate could be replaced by
sound generators or by flexural wave generators.

Without artificially induced distortions the boundary layer is laminar along the whole test
section (about 50 cm). The boundary layer displacement thickness is between 0.3 and 0.5 mm.

The oscillations and the mean velocities in the boundary layer are measured by two hot-wire
anemometers which can be moved parallel and perpendicular to the plate. The elongation ampli-
tude of the wall oscillations are measured by capacitive probes (carrier-frequency method).

Preliminary experiments had shown that boundary layer distortions can be excited at rather
small amplitudes (A,10-3 mm) with a pistonlike transducer inserted into the test plate. For more
detailed investigations of the excitation of boundary layer distortions a wall oscillation was de-
veloped which corresponds to a surface flexural wave propagating in one direction. The phase
velocity of this flexural wave has to be within the range of the phase velocities of the free
boundary layer waves in order to get coincidence of the two waves. The phase velocity and the
frequency of unstable boundary layer waves are, according to the theory by Tollmien and
Schlichting (ref. 19), uniquely determined by the Reynolds number. From this and the dimen-
sions of the duct the flexural wave generator should have a frequency range between 0.2 and
1.5 kcps and an associated range of wavelengths between 5 and 30 mm. Accordingly, the phase
velocity of the bending wave should vary between 1 m/sec and 20 m/sec. These small velocities
cannot be realized by a homogeneous material yielding at the same time satisfactory static
stability and small absorption. By a system of coupled oscillators the requested small phase
velocity could be obtained, the attenuation, however, was too great for practical applications.

Finally, an arrangement was chosen which samples the flexural wave at two points per
wavelength. It consists of a plate with two sets of parallel slits which are covered by a thin
foil on the side of the flow. Each set is driven by a pressure chamber loudspeaker in antiphase
to each other. Thus each slit oscillates in opposite phase with respect to its neighbours. In the
measurements reported below four systems with the double slit distance X0=8; 14; 20 and 28 mm
were used. Fig. 1 shows one of these systems.

The system in the test plate is a linear arrangement of oscillators in opposite phase to each
other. Since their distance from each other is small compared to the acoustic wavelength, virtu-
ally no sound is radiated towards the sides of the system. The sound pressure decreases rapidly
with increasing distance from the oscillators. A decrease of 20 dB/cm was measured.

The spatial distribution of phase and amplitude of the surface oscillations generated by the
slits corresponds to that of a standing wave. Measurements of the velocity oscillations in the
boundary layer above the oscillator system, however, yield the phase distribution of a propagat-

2



Fig. 1. View of driving system for flexural waves. X.= 14 mm.

ing wave. This effect is directly proportional to the flow velocity. In Fig. 2 the phase measured
along the test plate is presented for several flow velocities. Here the signal frequency is f.=543

cps, and the flow velocities are between 7 m/sec and 20 m/sec. The transition from a standing
wave to a propagating wave can clearly be recognized.

EXCITATION OF BOUNDARY LAYER WAVES IN COINCIDENCE
Further measurements have shown that even small elongation amplitudes of the surface

lead to the onset of boundary layer waves which, in turn, lead to turbulence in the boundary
layer. The induced boundary layer waves have the frequencies of the wall oscillations. Fig. 3
shows how the oscillation velocities of the boundary layer wave develop from the level produced
by the spatially periodic generating system. There the oscillation velocities are measured in a

distance of 0.5 mm above the test plate. At the position x=12 cm the boundary layer wave
breaks up into turbulence. There the exponential increase ends.

With a given flow velocity U o the excitation of boundary layer waves is most effective at

a certain frequency f,., the frequency of coincidence. At other frequencies, the boundary layer
wave excitation is possible only with strongly increased amplitudes of the plate surface. For each
driving system of slits the frequencies of coincidence are linear functions of the flow velocities.

The results of measurement are plotted in Fig. 4. In addition to the results for the driving system
with X,=28 mm, points corresponding to X./3 are also shown. These will be discussed below.

3
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Fig. 2. Phase distribution of the velocity oscillations in the boundary layer along driving system
for several flow velocities. f. = 543 cps.
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At coincidence the wavelength of the induced boundary layer wave is equal to the double
slit distance X., i.e. equal to the wavelength of the flexural wave of the test plate. The phase
velocity cr of the boundary layer wave therefore increases linearly with the flow velocity U00
For all driving systems the ratio of the phase velocity and the flow velocity cr/U oc = XJ/U 0 is
within the limits of 0.325 and 0.45. A comparison with the theory of stability of the flow along

dB

50 Uoo = 15mls

f, = 400 Nz
4 0 -- Xo = 14rmm

flexural w" f -0 0,374
3 0 b o u ndirid r la • r .a ve., -

Ox = 3.37 dB/cm

ut.X = 4.7 dB
20 Re 6= 4 70

10 - X 0 A -2. 10--lmm

0 2 4 8 10 12 14 cm

Fig. 3. Excitation of a boundary layer wave by a flexural wave. Ordinate in logarithmic scale.

a plate (ref. 19) indicates that the measured values of cr/Uo0 are in the zone of instable phase
velocities. In Fig. 5 all measured values and the theoretical curve for indifferent waves are
shown. From this it can be seen that the wavelike deformation of the test plate will excitate
boundary layer waves if the phase velocity of the deformation is within the range of phase
velocities of the instable boundary layer waves.

The stability theory is not only phase velocity dependent but is also frequency dependent.
Therefore, only boundary layer waves with certain phase velocities together with certain fre-
quencies are instable. With the present method of excitation the frequency condition becomes
less stringent. The coincidence frequencies are not always in the instability range. However, as the
coincidence frequencies approach the center of the instability range the deformation amplitude
of the plate necessary for boundary layer wave excitation becomes smaller.

THRESHOLD AMPLITUDES
In order to have a measure for the comparison of the excitation amplitudes a threshold

amplitude will be defined. The velocity oscillations in the boundary layer at a fixed position, x,
behind the driving system increase very abruptly if these amplitudes exceed a certain value.

The amplitude of the velocity oscillations of the flexural wave at which this increase occurs
is defined as the threshold amplitude.

In Fig. 4 we have seen that not only could the boundary layer wave with the wavelength

equal to Xo=28 mm be excited, but the wave of a wavelength X./3 was also excited. Principally

5



kHz Xo X, X/3

1,4 ?4 m +1,• ~20mr 0 C/

,f 2e.,m o 0 I °

S1,2 
0/ 0_ 0

0~
1'0

0
1,0

0.6

0.6 - 0 __ _

+ 0+0ý

S0 0

0.6 -+--+ +i ,l L.•

0.2

0 10 15 20 25 30 35 m/s 40

-s U_

Fig. 4. Coincidence frequencies of the different driving systems as a function of flow velocity.

the excitation of waves with the wavelength equal to an odd fraction of Xo is possible as theflexural wave is sampled only in two points per wavelength. Therefore, coincidence along theentire driving system is possible for these fractions. As can be seen from Fig. 6 the boundarylayer wave with the wavelength Xo=28 mm is far below the instability range whereas the
boundary layer wave with Xo/3 is within the instability range. Therefore, the threshold ampli-tude for the fundamental mode (X.) exceeds that of the second mode (X./3) by more than 12 dB.The other curves of Fig. 6 represent the coincidence frequencies for the other driving systems.
They are both in the interior and in the exterior of the instability range. The ordinate of thatfigure is the nondimensional frequency 27TfS*/Ucc which allows a better comparison with the
theoretical neutral lines.

The measured threshold amplitudes for the different driving systems cannot be compared inan absolute scale. In Fig. 7 the threshold amplitudes therefore are normalized to yield the same
value for the flow velocity Uoo =20 m/sec. Then all measured values arrange themselves aroundone curve. The threshold amplitudes decrease strongly with increasing flow velocity. In this
representation the phase velocity for all driving systems is the same for a given flow velocity.
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Fig. 6. Comparison of the fundamental mode and of the second mode with the theoretical insta-
bility range for the driving system with Xo= 28 mm. (Additional curves for the other

driving systems.)
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By multiplication of the abscissa values by 0.375 the phase velocity is obtained. The ordinate of
Fig. 7 is in a logarithmic scale. The threshold amplitude of the system with X,= 14 mm is 10-4 mm
for the ordinate value 0 dB.

EXCITATION OF BOUNDARY LAYER WAVES OUT OF COINCIDENCE
The threshold amplitudes and the phase velocities of the induced boundary layer waves

were also measured for frequencies different from the coincidence frequency. The results con-
firm the above statements. The threshold amplitude measured as a function of driving frequency

SI

12

010 °
10

dB

"6 /10

4 ~ 00

41

2 00

SII I

400 500 600 Hz 700
fs "

Fig. 8. Threshold amplitudes vs. frequency for constant flow velocity
U oo = 20 m/sec.
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at the constant flow velocity Uoc =20 m/sec has a marked minimum at coincidence, Fig. 8. The
coincidence frequency is 543 cps. Fig. 9 shows the corresponding normalized phase velocity
cr/U o. The straight line cr/U o =0.374 indicates the center of the instability range. At coincidence
the measured curves cross this straight line. For frequencies different from the coincidence fre-
quency the wavelength of the induced boundary layer wave is different from the wavelength of
the surface deformation indicated by the straight line X = 14 mrn. The wavelength of the boundary
layer wave is nearer to the instability range. The spatial synchronization by the wall deformation
is incomplete. Behind the driving system where the synchronization terminates, the wavelength
of the induced boundary layer wave changes so that it falls into the interior of the instability

U00

0.50-

00.45-/

0.40 o°-

0374 - - - 0 + +.

0.35-

X.f 0
U00  +

Q3 IL7 I

400 500 600 700 Hz

Fig. 9. Phase velocity of the induced boundary layer wave in front of and behind
the driving system as a function of frequency for constant flow velocity

U o = 20 m/sec.
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range. For some frequencies f higher than f, the phase velocities in the section of the driving
system as well as behind the system are entered into Fig. 9.

For the further investigation of the interaction between a flexural wave and the flow bound-
ary layer an arrangement is planned which will allow a quantitative measurement of the threshold
amplitudes at different wavelengths. This arrangement consists of an array of 50 electromagnetic
vibrators each 3 mm thick. The amplitudes and phases of each vibrator can be regulated indi-
vidually. The system has a length of 20 cm. Thus wavelengths between 0.8 and 20 cm can be
realized. Furthermore the flexural wave can be sampled by this system with more sampling
points per wavelength. The energy flow between driving system and boundary layer shall be
measured and compared with the theory (ref. 2).

In other experiments the influence of the induced boundary layer waves on distortions of
the boundary layer otherwise generated shall be investigated. Preliminary measurements revealed
the possibility to withdraw energy from the boundary layer waves thereby reducing boundary
layer distortions.
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SECTION III.

Sound Propagation In Ducts with
Superimposed Air Flow

PROPAGATION OF PRESSURE PULSES IN A FLOW DUCT

Introduction

Until now it was impossible to generate a plane sound field in a duct with sound wave lengths
of the order of the aerodynamical boundary layer thickness and to measure its alteration by a
turbulent flow profile. This situation was corrected by generating a short pressure pulse in the
duct by means of a spark discharge. Thus a defined spherical wave front is achieved which propa-
gates with sound velocity within the duct. The way in which a wave front will be altered by
the flow superposition and the statements which can be made about the transport of sound energy
are reported.

Experimental Set-Up

For this purpose a 4/.F condenser is loaded with 4 Kilovolts and is discharged through a
spark plug. The spark plug is inserted into the bottom of the duct midway between the duct
walls. The thickness of the positive pressure phase of the wave front measured by a condenser
microphone is smaller than 0.14 cm. With normal sound velocity the equivalent frequency is
approximately 60 kcps. From propagation time measurements, the sound velocity came out to
be 344 m/sec under normal conditions.

The shape of the wave front was first determined from propagation time measurements by
checking the sound field point by point with a microphone. However, the accuracy achieved
was insufficient because of unequal spark discharges and the finite size of the microphone. There-
fore, a schlieren method is applied for determining the wave shapes.

The image forming concave mirror lenses of the schlieren apparatus have a focal length of
150 cm and a diameter of 15 cm. The field of observation in the plane of the axis of the duct is
10 x 10 cm2. Fig. 10 gives a schematic view of the set-up.

By pressure gradients in the plane of observation, the parallel light is diffracted and is more
or less masked by the schlieren edge. For the detection of the pressure front which travels with
sound velocity, the entrance slit is illuminated by an electric spark. Its, duration is less than 0.5
/zsec. Thus a standing picture of the wave front can be taken. The illuminating spark is triggered
after an adjustable delay time by the spark discharge. The delay time is chosen according to the
travelling time of the sound pulse from the spark plug to the observation windows in the duct
walls.

In the flow velocity range from 0 to 100 m/sec used here, the flow can be considered nearly
incompressible. Thus no appreciable pressure gradients will be generated by the turbulent flow
itself. Experiments proved that with the sensitivity of the above set-up no schlieren of the flow
can be observed, and that up to high flow velocities the wave front of a pressure pulse was still
visible.

Since the pressure pulse propagates as a spherical wave, its amplitude is geometrically
attenuated. However, after a travelling-path of at least 60 cm in the rigid duct the amplitude
of the pressure pulse is sufficiently high to give schlieren pictures of the wave front. Greater dis-
tances have not yet been examined.
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Experimental Results
The wave fronts of the pressure pulse were photographed with the apparatus described

above. The travelling-path of the pressure pulse was altered by displacements of the spark plug

---- T- illuminating spark

trigger

entrance slit P concave mirror reflector

plane reflector field of observation

spark plug -. flow duct

- plane reflector

75 cm

concave mirror sehlieren edgereflector schieen dgimage forming lens

ground-glass plate

Fig. 10. Schematical view of the schlieren apparatus.
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along the bottom of the duct. The boundary layer thickness was increased artificially by inserting

a fence made of four parallel wires of 2 mm diameter each at the entrance of the measuring

section of the duct. Without this fence the boundary layer thickness would be about 5 mm. In

Fig. 11 the measured flow velocity profiles are shown for several distances from the fence. The

fence increases the turbulence level, too. The measurements yield velocity profiles which rise

from about 20 m/sec near the wall to about 30 m/sec in a distance of 6 cm from the wall and

then remain constant. The rise is nearly linear. Since the shape of the profile changes but little

with the axial distance from the fence, the sound propagates in an inhomogeneous medium with

a constant gradient.
The schlieren photographs of the pressure pulse are shown in Fig. 12. The wave fronts for

sound propagation without flow are in the first row. Parameter within the row is the distance of

the spark plug from the position where the wave front touches the bottom of the duct. The pic-

tures are typical for a spherical wave front propagating in a square duct. The reflections from

the rigid walls of the duct become visible as wave fronts lagging behind the first wave front.
The first wave front is perpendicular to the bottom of the duct.

The second row contains the pictures of the wave front with the flow described above super-

imposed. From these it can be seen that the angle between the first wave front and the bottom

of the duct is smaller than 900 with the wave front inclined in the direction of the flow. From the

inclination of the front it can be concluded that the propagation of the sound energy near the
wall is directed towards the latter. The distinction of the branches are reflected specularly

10

cm'

h

5 a 25 35 45 55 65 cm

00t//o
0 I I I I I

0 10 20 30 40 50 60 70 rn Isec
n V

Fig. 11. Flow velocity profiles for several distances a from fence. (Profiles are shifted for 10 m/sec
each, except first one.)
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b)

L 17 26 35 44 57 cm

Fig. 12. First wave front as a function of length of travelling-path L
a. without flow
b. with flow according to Fig. 11

from the ground-contact point of the wave front backwards into the duct directly proportional

to the travel-path length. Their length increases with the travelling-path. In greater distances

from the wall these branches are no longer specular to the first wave front. They are inclined in

the flow direction. The appearance of these branches is caused by the gradient of the flow

velocity near the wall. As the wave front is inclined towards the wall continuous reflection

takes place.
In a further set of measurements the rigid bottom of the wall was replaced by a Rayleigh

absorber made of corrugated paper. Its average pore width is about 2 mm. Towards the flow

the absorber is covered by a porous foil with a resistance of 0.25 pe. On the rear side the

absorber is terminated by a rigid wall. The flow profiles remained the same as before. The

wave fronts with this arrangement are shown in Fig. 13. By comparison with Fig. 12b, it follows

that the first wave fronts coincide for equal lengths of the travelling-path. The reflected branches,

however, are suppressed. The absorber is well matched to the characteristic impedence of the

duct. Therefore, the acoustic energy contained otherwise in the branches is absorbed. Compared

with the no-flow condition the sound absorption is increased by the gradient of the flow velocity.

The shape of the wave fronts without flow is the same with the absorber and the rigid wall re-

spectively. The magnitude of the sound absorption could not yet be determined. It cannot be very

high, however, since the wave front without flow remains visible near the absorber even for

long travelling-paths.
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From the present results it can be expected that the reflected branch of the wave front, on
its further path, will be directed towards the wall just as the first wave front, and there, will
produce another reflected branch. This branch will lag behind the first wave front as the first
branch which generates it has to go through zones of smaller flow velocities. Thus the wave
front is split into many branches. The wave front undergoes a spatial dispersion.

L 17 26 35 45 cm

Fig. 13. First wave front for several lengths of travelling-path L
along sound absorber, with flow.

Interpretation by Geometrical Acoustics
It was shown by Heller (ref. 5) that the eikonal equation holds for the wave fronts of weak

pressure pulses. For the problem at hand it is:

VI /= Co/(Co + V. /F( )

Here c. is the sound velocity, V the flow velocity and D is the function of the wave front. From
this Kornhauser (ref. 9) deduces a differential equation for the acoustic rays in a stratified
medium:

dy _ V 1-2MC-C2(1-M2)
dx M + C(1-M 2 ) (1)

where x is the direction of the flow, M = M (y) the Mach number which is a function of the dis-
tance from the wall at y = 0 with M (0) = 0 and C is a parameter which is constant for a given
ray. C is the cosine of the glance angle of the ray at the wall. For a flow with constant flow
velocity, M=const., eq. (1) yields straight lines. With a variable flow velocity the rays have their
greatest distance from the wall where the numerator of the right side of eq. (1) vanishes. In this
case M= (1 - C)/C. If M is an unique function of y a ray with a given glance angle can reach
only a certain maximum height above the bottom of the duct. From there on it is directed again
towards the bottom. The distance from the sound source at which it again touches the bottom
depends on the details of the function M(y).
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From eq. (1) the sound rays were computed for a flow velocity profile with a linear in-
crease from 20 m/sec near the wall to 30 m/sec at 6 cm from the wall. They are represented in
Fig. 14. Parameter of the rays is the maximum height. The first wave front taken from the

10
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005 i

0 5 10 -35 40 45 cm

Fig. 14. Computed sound rays. Parameter: Maximum distance from wall in centimeters.

measurements are also shown in Fig. 14. In general (ref. 9) the normal of the wave front does
not coincide with the direction of the ray. In the present measurements, however, the directions
are only a little different from each other as the glance angles are small and the flow velocity is
much less than the sound velocity. The rays in Fig. 14 represented by broken lines have been
reflected once at the wall. They correspond to the dashed reflected branch of the wave front.
The maximum height of the reflected ray is about 0.5 cm at the position of the plotted wave
front. All rays which have been reflected between this position and the sound source remain
below this height. It is true, however, that the reflected branch observed in the measurements
extends to a greater wall distance. This may be caused by scattering of sound which is neglected
in the theory of geometrical acoustics.

With the described flow distribution used in the present measurements all rays with a glance
angle smaller than 23 degrees remain within the flow boundary layer of 6 cm thickness. Thus
the boundary layer represents a wave guide (see for example ref. 4). The sound energy con-
tained in the guide is conserved if there are no losses by scattering. With a shock wave, however,
the front can undergo spatial dispersion. All rays with greater glance angles reach the zone of
constant flow velocity above the boundary layer with a non-zero angle. There they propagate
along straight lines until they penetrate into the upper boundary layer and are reflected at the
upper wall.

NONLINEARITY OF SOUND ABSORBERS WITH SUPERIMPOSED AIR FLOW

Measurement of the Absorber Impedance with Grazing Flow
For testing the influence of flow on the acoustic input impedance of absorbers a Kundt's tube

was used which allowed the impedance to be measured under flow conditions. For this purpose
the tube was fastened perpendicular to the flow duct so that its front end matched with the duct
wall. The absorber is inserted into the tube with its surface being even with the duct wall. Then
for not too thick absorbing layers the input impedance of the surface can be determined from
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behind by the standing wave ratio and the position of the pressure nodes. The impedance meas-
ured from behind is a series connection of the absorber impedance and the resistance of the two
connected duct branches. This last part must be measured separately without absorber and be
subtracted from the impedance determined with absorber. Care had been taken to prevent air
flowing through the absorbing material by tightening the tube. The tube diameter is 7 cm.

As objects to be measured were chosen: a rockwool layer ("Sillan") of 1 cm thickness, a
porous foil and a 0.5 mm thick resilient plate ("Pertinax") which was glued at the brim. Fig. 15
shows the real and imaginary impedance at 0 and 40 m/sec flow velocity for the porous materials
subjected to frequencies between 1.0 and 1.6 kc and for the flat plate subjected to frequencies
between 0.6 and 0.8 kc. The real part of the impedance without absorber is drawn into the
diagram for the rockwool absorber. Here the front of the tube was covered with a gauze screen
to provide better flow guidance. Its acoustic resistance is negligible.

As can be seen from the pictures none of the samples shows a marked influence of the flow.
The deviations lie within the measuring accuracy. For porous materials they amount to less than
10 per cent on the average. According to the results in (ref. 18) the real part of the impedance
of the rockwool layer should have been increased by about 35 per cent by alteration of the inner
flow resistance. Also the plate resonator does not show an effect of the flow even in the resonance
region. In connection with these measurements the turbulence level in the duct was enlarged by
the insertion of turbulence grids and the Kundt's tube was opened at its rear end to allow the air
flowing through the absorber. However, an alteration of the flow resistance was not found.

According to these results it seems unlikely that tinder the given circumstances the absorber
becomes nonlinear thus altering its effective input impedance.

Measurement of the Absorber Impedance with Penetrating Flow

As porous absorbers are known to become nonlinear when exposed to vigorous sound fields
(high particle velocities) this report shall show the behavior of such absorbers when there is a
constant flow through them.

For this purpose the impedance of porous absorbers was measured. The set-up is schematic-
ally drawn in Fig. 16. It consists of a Kundt's tube in the middle of which the absorber to be tested
can be inserted. The tube section at the rear end of the sample is terminated reflectionless by a
30 cm long wedge of rockwool. As this wedge does not fill up the entire cross-section of the tube
air can be sucked through the tube by a blower at this end. The tube has a free diameter of 7 cm
and the maximun flow velocity without insertion of a sample appeared to be about 5 m/sec.
Without any sample inserted the standing wave ratio in the front part of the tube amounted
0.95 to 1.0 in the frequency range between 1.0 and 2.0 kc. With that the acoustic load at the
rear end of the absorbing sample is (1.0±0.05) pco.

The difference of the static pressures between front and rear end of the sample can be
measured with a pressure gauge. A hot-wire anemometer is applied to determine the flow velocity.
The hot-wire is calibrated vs. a Pitot tube at low flow velocities. The position of the hot-wire is
about 15 cm downstream from the open end of the tube and in the center. The mean flow
velocity is 0.85 times the center velocity. (This value was attained by checking the flow profile
across the cross-section of the tube.)

The impedances of a 1 mm thick porous foil and a 1 cm thick rockwool layer were determined
from the standing wave ratio and the position of the pressure nodes at different flow velocities.
Since low flow velocities were used, corrections due to an alteration of the acoustic wave length
could be neglected. In the above mentioned frequency range the thickness of the samples is small

18



Re(T r J.IM(
9Co 9C.

without absorber

10 151.0 V.5 '

5

C0/

06 /10.7 0k

Fig. 15. Real and imaginary parts of the impedance at 0 r/sec and at
( o) 40 rn/sec flow velocity
a. of a 1 cm thick rockwool layer
b. of a porous foil

c. of a resilient plate
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compared to the wave length so that after subtraction of the rear load of the sample the impedance
yields directly the acoustic flow resistance. The measuring accuracy of the acoustically attained
impedance values is about 0.1 pco.

In order to prevent the absorber becoming non-linear by excessively high sound amplitudes,
the particle velocity was held below 1 cm/sec. Up to this value no sign of non-linearity could be
observed at resting air.

The impedance measurements were mainly made at a frequency of 1.0 kc because a remark-
able frequency dependency was not found between 1.0 and 2.0 kc.

loudspeaker absorbing sample

Kundt's tube

open end 'I, x xxr

hot-wire anemometer atsorbir wedg(

U ressure tauoe

Fig. 16. Schematic set-up for impedance measurements of porous absorbers.

In Fig. 17 and 18 the acoustic flow resistances of the different samples are plotted vs. the
flow velocity. As can be seen both materials show a linear increase of the flow resistance starting
from the value at resting air. The flow resistance r, can be represented as a function the flow
velocity V by the formula:

r. = 1 +A," V
ro

with ro being the resistance at resting air and A, a material dependent constant. A. can be taken
as a measure of the non-linearity of the material. It amounts 1.05 sec/m for the porous foil and
0.42 sec/m for rockwool ("Sillan").

In the same figures the static pressure differences vs. the flow velocity are entered. From
the resulting curves a more than linear ascent of the pressure with increasing flow velocity can
be discerned. From these the differential flow resistance was calculated by numerical differenti-
ation and the received values were entered in the diagrams of the acoustically measured re-
sistance. The statically obtained values are found to scatter with an accuracy of about 20 per
cent around the acoustically achieved straight line. With respect to the error faculties of the nu-
merical differentiation the agreement can be considered sufficient. Thus the measurements yield an
equivalence of the acoustically found flow resistance and the statical differential flow resistance. It
would be interesting to investigate which structure property determines the amount of the non-
linearity coefficient. Since taking a sample of two porous foils yielded the same value of A, it
seems obvious that the non-linearity depends on the structure of the volume and not on the
structure of the surface.
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Fig. 17. Difference of the static pressure and flow resistance of a porous foil as a function
of the flow velocity.
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Fig. 18. Difference of the static pressure and flow resistance ot a 1 cm thick rockwool
layer as a function of the flow velocity.
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SECTION IV.

Orifice Radiation Impedance as a
Function of Flow

INTRODUCTION
The radiation of sound propagating in a tube through the orifice is determined by the reflec-

tion coefficient of the tube termination or by its radiation impedance. Thus, there is an increase
in the amount of sound radiated as the reflection coefficient decreases or as the radiation im-
pedance approaches the acoustic impedance of free space. Since the tube is terminated by the
radiation impedance of the orifice in the sense of the transmission theory, a change of the radi-
ation impedance will influence the resonances of the tube if any.

Existing Papers
The determination of the radiation impedance of tube orifices without stationary flow can be

said to be a solved problem. Only few papers exist, however, which have some relation to the
sound radiation of orifices with flow discharge. Lutz (ref. 11) tries to cover the problem by a
very simplified theoretical relation between the acoustic resistance of a diaphragm at the orifice
of a tube with stationary flow and the static pressure drop at the diaphragm. In refs. 1, 7, and
24) some measurements are reported with diaphragms with one or more apertures in a tube
with stationary flow. The acoustic resistance of these diaphragms is found to increase linearly
with the flow velocity. This increase again is ascribed to the static pressure drop. Martin (ref. 12)
measured the attenuation of acoustic resonances of tube sections with flow at low frequencies.

According to measurements reported in (ref. 7) the reactance of diaphragms is decreased
by the air flow. According to theoretical results by Westervelt (refs. 25, 26) the acoustic im-
pedance of a circular aperture in a thin diaphragm with a diameter of the aperture much smaller
than the wavelength can be decreased as much as 40 per cent by the onset of turbulent flows at
the diaphragm. Ingard's measurements in (ref. 8) affirmed this statement.

Scope of this Paper
In this paper measurements of the acoustic reflection coefficient and of the acoustic radi-

ation impedance of circular tube orifices with flow discharge shall be reported. The flow velocity
in the tube will range up to 230 m/sec.

Only few results of the cited papers can be applied to the present measurements. At the
outlet of a tube without reduction of the cross-section like it is used in these measurements
there is no distinct drop of the static pressure as it was true with (refs. 1, 7, 24). The values
of koa (see List of Symbols) in (ref. 12) are below the range of the present measurements.

By experimental variation of some of the flow parameters the importance of these parameters
with respect to the sound radiation shall be investigated.

MEASURING METHODS

Flow Generation, Kundt's Tube, Probe Microphone, Measurement of Flow Velocity
The measurements are performed with the wind tunnel described in (ref. 14). The flow

generated in a five-stage centrifugal blower (60 kw) is cooled by a water cooler to the constant
temperature of 17.5' centigrade in the measuring tube. The sound velocity in the air at rest,
therefore, is always 341.5 m/sec. The cooler is followed by a silencer and then by a flow-
smoothing section of the duct thereby giving only a small turbulence level in the test section.
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An acoustic signal from a 200 watt pressure chamber sound generator is fed into the meas-
uring tube at the tube's most upstream positon. The dimensions of the cylindrical metal tubes
used as test sections are given in Table I. The radiation is measured at the outlet orifice of the
tube. The discharge orifice can be inserted into a baffle of 1.85 x 2 nm-2 lateral dimensions.

TABLE 1.

Test Section Dimensions and Maximum Flow Velocity

Tube Inner Wall Tube Maximum
Nr. Diameter Thickness Length Flow Velocity

1 64 mm 3 mm 2 mm 230 in/sec
2 85 mm 5 mm 2 mm 180 m/sec
3 125 mm 4 mm 2 mm 85 m/sec

An impedance measuring tube, called a Kundt's tube, proved to be best suited for measure-
ment of the radiation impedance. The standing wave within the measuring tube is picked up
by a microphone probe along the tube thus increasing the accuracy of the measurements by
averaging along the tube. The sound attenuation in the tube is eliminated by extrapolation to
the end of the tube.

The microphone probe is inserted into the tube through the radiating orifice. It moves along
the tube axis. Its influence on the sound field in the tube can be neglected (ref. 10) since the
probe cross-section is smaller than 1 per cent of the tube cross-section.

The microphone output is filtered with a variable filter of a bandwidth of 10 cps. The
sound pressure along the duct was recorded with a level recorder. The linearity of the measuring
instruments was checked at several signal amplitudes.

The frequency range of the measurements is limited at low frequencies by the length of the
measuring tube of 2.0 meters (frequency limit about 200 cps) and at high frequencies by the
onset of higher modes at about koa=1.8 (a=inner radius of tube).

The flow velocity in the tube is measured by a Pitot probe on the axis of the tube near the
outlet.

The mean flow velocity and the turbulence level in the jet behind the orifice are measured
with a hot-wire anemometer which is checked against the Pitot probe within the tube. These
measurements, however, are limited to velocities below about 80 m/sec in order to prevent the
damage of the probe wires.

Signal-to-Noise Ratio
The available flow velocities in the tube were limited by the signal-to-noise ratio of the

measuring equipment. At the maximum velocities used the signal-to-noise ratio in the pressure
antinodes in the tube was about 40 dB for most frequencies. The cross-talk through the walls of
the probe (2 to 3 meters in length) was at least 40 dB below the signal through the small sound
pick-up borings in the probe wall near the probe tip.

Influence of Room Reflections
The influence of the reflections from the measuring room on the frenquency response of

the sound radiation from the tube was checked by the measurement of the sound field without
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flow behind the tube orifice in the baffle. These measurements always yielded a smooth and
monotonic decrease of the sound pressure with increasing distance from the orifice. Furthermore,
the comparison of the measuring results without flow with the theoretical curves yielded good
agreement. Finally, there was no increase in the measuring accuracy when the measurements
without flow were repeated in an anechoic chamber.

Flow in the Measuring Tube
The flow velocity profile within the tube was measured for the tube with the diameter of

2a=85 mm at flow velocities on the tube axis of Vax=40; 80; 120 and 156 m/sec. The flow
velocity was found to be constant from the center of the tube until about a/3. Then it decreased
towards the wall. By integration of the flow velocity profile the average flow velocity V was evalu-
ated. For all flow velocities the relation to the axial flow velocity V.1 was

v=0.87 V.,. (1)

From the general law of flow velocities of a turbulent flow in circular tubes (ref. 20) for a
Reynolds number of 106, typical for the present measurements, the relation

V=0.84 Vax (2)

is found. The factor in eq. (2) remains virtually constant for all tubes used in our measurements.
The turbulence level in the orifice is about 1 per cent in the center. It increases towards the

walls. In a distance of 5 mm from the wall 7 per cent were measured.

FOUNDATION OF THE IMPEDANCE MEASUREMENT IN FLOW

Wave Equation and Impedance Formula
For the evaluation of the reflection coefficient and of the radiation impedance of the tube

termination with flow a revision of the well-known formula from the transmission theory is nec-
essary. As a satisfactory approach to the real facts we assume a flow in the tube constant in
time and in the lateral extensions. A sound signal is fed into the tube at its one end propagating
as a plane wave without losses towards the radiating orifice. At the radiating orifice a partial
reflection takes place. Let the coordinate in the direction of the tube be x; the radiating orifice
be at x=0, and the tube be at negative values of x. The acoustic impedance of the orifice at
x =0 shall be evaluated from the standing wave in the tube. (The influence of attenuation and
of a curved flow velocity profile will be discussed below.)

The total velocity v is the sum of the acoustic particle velocity v and the mean flow velocity V:

v v + V.

From the equation of Newton

dvp -at -grad p

and the equation of continuity

div (pv) - p
ot
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together with the adiabatic equation

dp = co2dp

neglecting all nonlinear acoustic terms we obtain the relations
8v pV8v Sp
a t 8 - 8X- (3)

and

8v V 8p 1 8pP •x= - Co - - -• __ -4
8x cO2 8X CO2 &t (4)

from which follows

8v M 8p _8p
P = s (1-Ma) 8x (5)

with the Mach number M=V/co.

From (4) and (5) follows the wave equation

B2 
2 ___2p

82P C c* C2P -2- 2V P
-8 X1 c 2  - t 8x (6)

with
c 1 = Co + V; c2 = co-V.

A solution to (6) adjusted to our problem is

p(x, t) = Po [e-i,x + r ei(kx+O)]ej-t. (7)

From now on p is a complex quantity. In eq. (7) the first term is the plane wave propagating

towards the orifice, the second term is the reflected wave with the reflection coefficient r ej 0.
The wave numbers are:

k, = o)/cl for the downstream propagation

k2 = Wo/c 2 for the upstream propagation. (8)

Without flow they would be replaced by

ko = coc. (9)

Insertion of (7) into (5) leads to

Po I ejk'x - r ei(k-x+6) Ieiwt

with Z =-pCo.

From (7) and (10) the relation between the acoustic impedance of the orifice W and the re-

flection coefficient r ei 6 is

(p) z1I+ r e' i(1(P) =Zl~rei4*

S Xx=o - r ei
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This equation is formally identical with that for the no-flow condition. (In (ref. 22) a different

equation is obtained because the erroneous equation p 8v/t = -8p/ St was used instead of

eq. (5).
The evaluation of the reflection coefficient from the sound pressure node ratio d =pmn/Pmaz

and from the position of the sound pressure minima is anologous to that without flow. The small

sound attenuation in the tube is taken into account by extrapolation of the measured values of

d(x) to x=0. Then the magnitude r of the reflection coefficient can be computed from

=1-r

1 + r (12)

and the phase (A is obtained from

--x.,, -- Ax/2
Ax/2 (13)

where Xmnin0ýO is the position of the first pressure minimum nearest to the orifice and

Ax = (1-M 2 )' X/2 with X, = c,/f (14)

is the absolute value of the distance of adjacent pressure minima.

Influence of Curved Flow Profile
In contrast to the assumption made above that the flow velocity profile be flat, the real flow

profile is curved. Using the equations (11), (12) and (13) the reflection coefficient and the radi-

ation impedance can be computed without explicit appearance of the flow velocity. The only

difficulty could arise, therefore, from a non-constant convection of the sound wave along the duct.

For the axial flow velocities Vax=80; 120 and 156 m/sec the distances of adjacent minima

were measured along the entire measuring tube. The Mach number computed from eq. (14)

proved to be constant within 1 per cent. For all axial flow velocities, V.x, between 20 m/sec and

156 m/sec the distance of Ax of adjacent pressure minima was given by eq. (14) if in the Mach

number the velocity

V = 0.85 Vax (15)

was used. By comparison with eq. (2) it can be concluded, that the sound field is convected

with the average flow velocity, V.
Therefore, the parameter used in the impedance measurements is the average flow velocity,

V, which is evaluated from the measured axial flow velocities, V.., by

V = 0.85 V.x. (16)

The average velocity is changed by the moving microphone probe by an amount smaller than

1 per cent.

EXPERIMENTAL RESULTS FOR RADIATION IMPEDANCE

Orifice in a Baffle
Three measuring tubes with the diameters 2a = 64, 85, and 125 mm were mounted successively

with the discharge orifice into the baffle. Magnitude and phase of the reflection coefficient were

measured respectively. From them the resistance, R, and the reactance, X, of the radiation im-
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pedance of the orifice were evaluated. The measurements cover the range of koa between 0.15
and 1.8. The average flow velocities were V=0, 34, 102, and 133 m/sec. With the tube of 125 mm
diameter the highest available velocity was V=68 in/sec. With the tube of 64 mnm diameter, the
measurements were impossible for velocities greater than 102 m/sec because of turbulent separa-
tion of the flow boundary layer at the inlet of the measuring tube.

The plots of the measured values for r, 0, R and X indicate that these magnitudes are
functions of k0a rather than functions of the frequency, f. They also depend on V.

The Reflection Coefficient of the Orifice
In Fig. 19 the magnitude of the reflection coefficient is plotted vs. koa for the three tubes

with the average flow velocity V as parameter. The corresponding points for the three tube di-
ameters show rather good agreement with each other.

The influence of the flow becomes more evident if the magnitude of the reflection coefficient
is normalized with the corresponding value without flow. In Fig. 20 the ratio r(koa,-) / r(koa, 0)
is plotted vs. k0a. For sufficiently great values of koa the normalized magnitude of the reflection

1'0 
T

0.9

08 r

0. 5 2o = 64 85 124,9mrm 0• .• • ••

V= 0 rn/sec o o A

34 rn/sec * m •0,84 6 rn/sec

102 rn/sec 3

133 rn/Isec +
0.3

0.5 - 2a-64 5 1 74 0 kmo 105

Fig. 19. Magnitude of reflection coefficient, r, for orifices of different diameters, 2a, in a baffle vs.
koa. Parameter: flow velocity, V.
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coefficient becomes virtually independent from the frequency and depends linearly upon the aver-
age flow velocity, V.

For low frequencies, however, the curves in Fig. 20 become rather complex. Furthermore,
the measurements for these frequencies are not exactly reproducible. However, from the meas-
urements it can surely be said that for these low values of koathe magnitude of the reflection
coefficient differs only slightly from unity.

With the magnitude of the reflection coefficient at zero flow velocity, r(koa, 0), given the
influence of the flow can easily be represented by the empirical relation

r(koa, V) minimum [1, r'(koa,V)] (17)
where

r'(k,,a, V) r(koa, 0) ( 1+2.0 )
Co

The approximation curves according to this relation which yields straight lines are entered in
Fig. 20.

200% -7 /r(koa, V=0)

2a = 64 65 124.9 mm

0= Om/sec o o a 4 +

180%/. 34 mrsec o a a + + +
6 6 rn/sec 4 r 4 I + _ + +

r (koa , V) 68 m/seci + 133
r(koo,)= 7)02 r/sec o W +

133 m /sec + 1_1/02

to 68 404

34 4
120% GI A A

700.% + o- -•-• -_ •o • o •
- 0 0 00 0

0 M/Sec

80%

0.5 1.0 1,5
N k o o

Fig. 20. Relative increase of the magnitude of the reflection coefficient of the orifices in a baffle
compared with the value without flow.
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The measured values for the normalized phase angle b/1r are plotted in Fig. 21 together with
the theoretical values for the no-flow case as functions of koa. Parameter is again the average
flow velocity, V. In general the phase angle is little affected by the superimposed air flow. For
small values of koa there is a small increase of the phase angle with increasing flow velocity.
For greater values of koa eventually present systematic variations of the phase angle with the
flow velocity are within the error limits of the measurements. An uncertainty of 1.5 mm in the
position of the pressure node corresponds to an error in (A of about 2.5 per cent at koa=0.8 and
of about 6 per cent at koa=1.6.

For sake of clearness only the measurements for the tube with 85 mun diameter are entered
in Fig. 21. The curves for the other diameters are identical within the error limits of these meas-
urements.

The Impedance of the Orifice
The resistance R of the available tube orifices divided by pc, is represented in Fig. 22 as a

function of koa with the diameter and the average flow velocity, V, as parameters. For higher
values of k0a the superimposed air flow results in a parallel shift of the curves towards smaller
values of R/pco. For small values of koa the resistance of the orifice is lowered to values near zero.

The effect of the flow on the radiation resistance becomes clearer if

R (koa, V)/pco - R ( koa, 0)/pco

is plotted as a function of koa as it is done in Fig. 23. The resistance values without flow are
from theory. On the right side of Fig. 23 the measured values for all tubes are near a constant

1.0

0.9 0

0.8 0 s6 133 rsec

0,7

0,6

0 0 Mrsec
0 68 rn/sec

0.5 + 133 m/sec

0,4

0,5 1.0 k koa 1.5

Fig. 21. Normalized phase, 0/7r, of the reflection coefficient of an orifice in a baffle vs. kla.
Parameter: flow velocity, V.
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Fig. 22. Normalized resistance, R/pc0,, of orifices with different diameters 2a in a baffle vs. k~a.
Parameter: flow velocity, V
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ordinate value for a constant flow velocity. The measurements are reproducible within a hori-
zontal strip of ±-0.05 pc,. Therefore, the empirical relation holds:

R (koa, V)/pc,, = Maximum [ 0, R' (koa, V)/pCo (18)
with

R'(koa, V)/pCo = R(koa, 0)/pco - 1. VCo

This relation represents also the measurements for small values of koa.

0.1 R (ko,.V) R(ko a.V=0)
P CoP Co 0

_PC0O C0  0
6 .101se 0] 0

0 0 n

0, o 8 o

V 0r•n/-c o " 0 0 0
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-0.4 68Rm(koa, w13- 4 - --

.. .C 0 a a

-0.2 5

-0,3 02a 64 85 1249nr,• 0k _•a 12 102 • e"V=0 rn/sec 0 0 GI/. • - •

-0,4 - 68 ml sec € + +
102m/sec a + •.•_

S133m/sec + 133

-0,5 5

0,5 1,0 ko a 1,5

Fig. 23. Change of the resistance of an orifice with flow discharge compared with an orifice
without flow for different diameters, 2a together with approximate curves according

to eq. (18). Parameter: flow velocity.

The ratio of the reactance, X, with pc, for the tube with 85 mm inner diameter is plotted
in Fig. 24 as a function of koa. The measurements with the other tubes coincide with the values
of Fig. 24, i.e., the reactance, too, depends on koa rather than on the frequency, f. The variation
of the reactance is caused at low values of koa mainly by the change of the phase angle, 0, of
the reflection coefficient and at high values of ka mainly by the change of the magnitude of the
reflection coefficient.
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Parameter: flow velocity,
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Free Orifice
The impedance measurements were repeated for the tube with 85 mm diameter without the

baffle, the discharge orifice radiating freely into the measuring room. The reflection coefficient
and the radiation impedance of the orifice were changed by the flow discharge qualitatively in
the same manner as with the baffle. The relation obtained from the measurements with the baffle
for the radiation resistance holds here, too, if the values of R(k,,a, 0)/pc0 for the orifice without
baffle are used.

Variation of Wave Number
Without flow the reflection coefficient and the radiation impedance of an orifice are functions

of koa only. It is, therefore, an obvious suggestion to try to take the flow discharge into account
by a proper transformation of the axis of the wave numbers. The maximum correction is obtained
in the range of the wave numbers investigated in this paper when koa=w/co is replaced by
k, ýco/(co+V). Therefore, the results of measurement were plotted vs. k1 a instead of koa used
up to now. This corresponds to a transformation of the abscissa according to

k1a= --- " koa. (19)

The independence of the measured quantities from the tube diameter is preserved by this trans-
formation.

As an example, the resistance of the discharge orifice in the baffle is plotted vs. k1a in Fig. 25.
Only for high values of k1a does the measured curves coincide with the theoretical curve with-
out flow. For low values of k1a there remain distinct systematical differences. The same state-
ment holds for the reflection coefficient. Even at high k1a values the coincidence of the curves is
obtained only for the reflection coefficient and the resistance. The phase angle (see Fig. 21) and
the reactance, X, (see Fig. 24), however, cannot be matched by the introduction of the abscissa,
kia.

VARIATION OF PARAMETERS
The influence of some flow parameters on the reflection coefficient and the radiation im-

pedance was investigated for the 85 mm diameter orifice.

Increase of Turbulence Level
The intention of the following experiments was to increase the turbulence level in the orifice

or behind it without introduction of rigid barriers into the flow. Thereby flow contractions with
associated static pressure drops and eventual acoustic control of the boundary layer separation
at the obstacles were to be avoided.

First, the turbulence level in the orifice was increased by a compressed-air jet blown into
the measuring tube 80 cm ahead of the orifice. By these means the turbulence level in the center
of the orifice was raised from 1.5 to 5.5 per cent (at the average flow velocity, V=51 mi/sec).
The reflection coefficient measured under these conditions in the koa range between 0.8 and 1.6
was in the mean about 1 per cent smaller than with the low turbulence level. These deviations
are, however, within the error limits of the measurements.

In a second experiment the compressed-air jet was blown into the air jet behind the dis-
charge orifice. By these means the turbulence level 25 mm behind the orifice was raised from
about 4 per cent to about 20 per cent in one-third of the jet area. Here again the measurements
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Fig. 25. Resistance, R, of the orifice with diameter 2a=85 mm in a baffle as a function of kla.
Parameter: flow velocity, V.
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of the magnitude of the reflection coefficient showed only small systematical variations of about
2 per cent.

From these measurements it may be concluded that the experimental results reported in
Section IV. are valid for higher turbulence levels, too.

Guided Flow Discharge
The intention of the next experiment was to investigate the importance of the shape of the

air jet behind the discharge orifice with respect to the acoustical radiation. The object was
therefore to change the shape of the air jet without changing markedly the acoustic qualities of
the orifice without flow.

This was achieved by a perforated guide tube 150 cm in length with the inner diameter of
the measuring tube mounted behind the discharge orifice. The air flow remained virtually within
the guide tube along its entire extension. The width of the air jet 1 cm behind the guide tube
was about 6 per cent greater than the inner tube diameter compared to about 500 per cent
without the guide tube. Since for most frequencies the end of the guide tube is several wave-
lengths away from the discharge orifice of the measuring tube, the air jet by these means keeps
a constant cross section within the acoustic near field of the radiating orifice.

Without flow the magnitude of the reflection coefficient of the orifice of the measuring tube
is not changed by the guide tube. The magnitude of the reflection coefficient was measured for
average flow velocities, V, between 0 and 127 m/sec with the koa range between 0.35 and 1.7.
The superposition of the flow changes the magnitude of the reflection coefficient in the same di-
rection as without guide tube, i.e., the reflection coefficient is increased with the flow velocity.
This increase, however, is only about half as much as without guide tube.

These results indicate that the shape of the jet behind the discharge orifice has some in-
fluence upon the sound radiation from the orifice.

Nozzle for Increased Flow Mixing of the Jet
A nozzle having a truncated cone with a rectangular corner protruding into the flow end of

virtually constant cross sectional area (see Fig. 27) was mounted on the measuring tube. Having

30 without nozzle

V B -B

20

M
sec A A

10 Z A af

bk

___________________4 15cm
L. -_ J_ -

Fig. 26. Flow velocity profiles in the air jet behind the nozzle. Average flow velocity in the meas-
uring tube V=51 m/sec.
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this design, the static pressure drop along the nozzle remains small, e.g., it is p=3 mm Hg at
W= 102 m/sec compared with p=2 mm Hg along a section of equal length of the smooth
measuring tube.

The effect of the nozzle was a much greater mixing of the jet behind the nozzle. The profiles of
the flow velocity in Fig. 26 show an increase of the jet diameter b of about 35 per cent. Further-
more, very high turbulence levels (greater than 40 per cent) are obtained in areas with a high
mean flow velocity, this, too, indicating an increased mixing.

In the measurements of the magnitude of the reflection coefficient the plane of reference
was the entrance plane E of the nozzle. The points in Fig. 27 show the results of measurement.
They are compared with the curves taken from the measurements with the free unflanged orifice.
Although the mixing behind the nozzle is much greater than behind the free orifice there are no
systematical deviations between the two measurements.
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Fig. 27. Measured values of the magnitude of the reflection coefficient, r, of the nozzle. Parame-
ter: flow velocity, V, in the measuring tube. For comparison: curve of the same quantity

without nozzle.
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Fig. 28. Normalized resistance, R/pco, of an orifice in a baffle with fence No. 5 inserted vs. koa.
Parameter: flow velocity, V.
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Fence and Diaphragm in Orifice
Fences made of cylindrical wires in a symmetrical arrangement were mounted into the plane

of the orifice of the tube with 85 mm inner diameter. The arrangement of the fences is shown in

Fig. 29. In all measurements the orifice was mounted into the baffle. In Table II the wire di-

ameters and the surface coverage (ratio of wire surface to orifice surface) are tabulated.

TABLE II.

Wire Diameter and Surface Coverage of Fence

Fence No. No. 1 No. 2 No. 4 No. 5 No. 6

Surface Coverage 0.07 0.11 0.20 0.29 0.29

Wire Diameter 2 mm 3 mm 4 mm

The turbulence level behind the fences increases with the surface coverage. The width of

the jet is not much changed by the fences. The fences result in a flow contraction in the plane

of the orifice and immediately behind it. This is associated with a drop of the static pressure

across the reference plane of the measurements. Thus an acoustically effective resistance appears

which is the differential quotient of the static pressure drop, Ap, in the plane of the orifice with

the average flow velocity, V,

rflow d(Ap) (20)
dV

In these experiments the term "acoustic impedance" will always stand for the ratio W=p/v

where.p is the sound pressure and _y is the acoustic particle velocity in the reference plane. In

Fig. 28 the resistance of the orifice is represented as a function of koa for fence No. 5. The curves

for different flow velocities are approximately coincident. A comparison with Fig. 22 for the orifice

without fence shows a strong reduction of the influence of the flow. The effect of increasing sur-
face coverage can be seen from Fig 29 where the magnitude of the reflection coefficient with the

different fences is plotted vs. flow velocity. The measurements were performed for a medium

constant value of koa=0.937. Fences No. 5 and No. 6 are of the same surface coverage. Fence

No. 6 has, however, the greater static pressure drop.
The measurements with fence No. 6 yielded remarkable results for the resistance at low

frequencies. They are plotted in Fig. 30. There the resistance with flow is distinctly greater

than without flow. The resistance at low values of koa increases with increasing flow velocity.

The decrease of the resistance at the free orifice is even overcompensated by the fence. It should

be stated, however, that the resistance without flow is nearly unchanged by the fence.

The turbulence induced by the insertion of the fence cannot be considered to be the origin

of this behaviour. As it is shown in Fig. 31 the turbulence level with fence No. 5 is comparable

to that with the compressed-air jet in former experiments. In those measurements, with the flow

disturbance by a compressed-air jet, the increased turbulence level was virtually ineffective. Also

a frequency analysis of the turbulence with the grid showed no peculiarities at the low frequen-

cies where the refection coefficient is changed greatly.
The following measurements indicate that the reason of the increase of the magnitude of the

reflection coefficient with the fences of high surface coverage can be found in the flow contrac-

tion, i.e., in the static pressure drop at the reference plane of the measurements.
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Fig. 31. Turbulence level, Tu, in the jet 25 mm behind the orifice plotted vs. position, z, (see Fig. 27)
a) with compressed-air blown into the jet near the orifice
b) with fence No. 5 inserted
c) with undisturbed orifice

In these measurements circular diaphragms were inserted into the orifice. The diaphragms
had apertures of different diameters. Table III gives the surface coverage, the discharge coeffici-
ent, /i, according to (ref. 23) and the measured discharge coefficient of the different diaphragms.

TABLE III.

Diaphragm Characteristics

Diaphragm No. No. 7 No. 8 No. 9

Surface Coverage q 0.29 0.39 0.49

1i from ref. 23 -- 0.75 0.71

ju measured 0.63 0.70 0.68

Fig. 32 shows the resistance of the orifice with a diaphragm inserted. Parameter is the aver-
age flow velocity in the measuring tube. Once again the resistance increases at low frequencies
when the flow velocity is raised. This can be explained by the addition of the differential flow
resistance to the acoustic resistance according to eq. (20).

An argument for this explanation would be if the differential flow resistance could be ob-
tained, too, from the acoustic measurements by extrapolation to zero frequency.
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The differential flow resistance, Rfl.,,., can be determined directly according to eq. (20) or
from the equation

RB ... , [ 1 1
\,7 = c, s )2- - (21)

The experimental results are given in Fig. 33, where the pressure drop, Ap, is plotted and in
Fig. 34 where the flow resistance obtained by graphical differentiation is represented bv the
curves in that figure.

On the other hand the extrapolation values from the acoustic measurements of the resistance
to zero frequency are entered as points. They agree within the error limits of the measurement
with the curves. The accuracy of the extrapolation can be estimated from Fig. 30 and Fig. 32.

These results are an approval of the hypothesis pronounced above that the increase of the
acoustically measured flow resistance of an orifice with rigid obstacles of sufficiently great surface
coverage at low frequencies comes from the addition of the differential flow resistance.

CONCLUSIONS
The reported results show that the impedence of a tube orifice is changed by flow discharge

through the orifice. With undisturbed orifices, or more precisely, with orifices without rigid ob-
stacles leading to flow contraction, the radiation resistance is decreased by the superimposed flow.
Empirical formulas could be given for this decrease. Also the reflection coefficient is unaffected

I 1 I

2-10 5 dyn
Cm2

1,5 T

fence No.

25 50 75 -10 V IX m/sec

Fig. 33. Static pressure drop, p, vs. flow velocity, V.
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by changes of the turbulence level of the flow, and the sound radiation is affected by the shape
of the jet behind the orifice.

With rigid obstacles in the orifice leading to static pressure drops in the plane of the orifice
the acoustically measured resistance is increased by the flow at low frequencies. This increase
could be explained by the additive term of the differential flow resistance.

1I I

t Sfr6ma S fence No 6
pco o diaphragm 10o 7

1.,0 a of No 8
0 No9

0 " -0 09

0q6 0 0

0,6

0,2 -// 0

5 50 75 - w V 100 m/secI I - I II

Fig. 34. Differential flow resistance, R. from acoustic measurements (points) and from static
measurements (curves) vs. flow velocity, V.

The measurements up to now give no explanation for the change of the impedance of orifices
without static pressure drop. Additional research should be conducted to determine the influence
of the flow discharge on the directivity pattern of the sound radiation. Another question would be
how the acoustic impedance of a flow inlet would be affected by the flow.
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