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Abstract

The effect of mean grazing flow on the acoustical response of a single rectangular slot in a wall to imposed sound is

investigated experimentally. For this purpose an accurate multi-microphone impedance tube set-up is employed. In

particular the influence of the mean grazing flow characteristics as well as the orifice’s (edge) geometry is examined. For

this purpose different boundary layer flows and slot geometries are used. Hot-wire boundary layer- and shear layer

measurements are carried out. Care has been taken as to remain in the regime of linear acoustic perturbations. The change

of the orifice’s acoustic impedance due to the mean grazing flow shows an oscillating behaviour as function of the Strouhal

number. It is found that, when the Strouhal number is based on the phase velocity of the spatial hydrodynamic instability

of the shear layer, these oscillations coincide for different boundary layer flows. The amplitudes of the oscillations increase

with decreasing laminar boundary layer thickness. The oscillations disappear when the shear layer, according to linear

theory, becomes stable. Furthermore, especially the downstream edge—rather than the upstream edge—of the slot is of

influence: oscillations in impedance increase up to a factor five in amplitude when the edges are sharp.

r 2008 Published by Elsevier Ltd.
1. Introduction

The effect of grazing flow on the acoustical response of orifices has been investigated experimentally by
numerous authors. Most of these studies are related to acoustic liners, which are used for sound absorption in
exhaust systems of combustion engines and at jet engine inlets and outlets [1]. These liners consist of
perforated plates backed with honeycomb structures, forming an array of Helmholtz resonators.

Most of the investigations therefore concentrate on the working domain of these liners, i.e. at low Strouhal
numbers and boundary layers with large thickness compared to the streamwise width of the perforations.
Results are often summarized in empirical laws. Generally, above a certain grazing flow velocity the resistance
is found to increase improving sound absorption, whereas the reactance decreases.
ee front matter r 2008 Published by Elsevier Ltd.
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Goldman and Panton [2], Kooi and Sarin [3], Goldman and Chung [4], Cummings [5] and Kirby and
Cummings [6] performed experiments with circular orifices (and louvres [6]) at low Strouhal numbers. The
thickness of the turbulent boundary layers they had was several times the orifice diameter. On basis of the
results empirical formulae or scaling variables were given for resistance and reactance. In all cases the influence
of the boundary layer is translated into a dependence on the friction velocity. In Ref. [4] it is even stated that
outer boundary layer parameters, such as the boundary layer thickness, have no influence on the acoustical
properties. Cummings [5] also recognized the influence of the level of boundary layer turbulence.

More recently similar experiments were done by e.g. Dickey and Selamet [7], Malmary and Carbonne [8],
Lee and Ih [9] and Leroux [10]. In Ref. [7] the use of a single set of empirical expressions for different (types of)
perforates was strongly questioned. Malmary and Carbonne [8] compared their results with the empirical
model given by Kirby and Cummings [6]. They found it to be valid up to a Mach number of 0.6, although it
originally was derived for Mach numbers up to 0.2. They also showed the discrepancy between different
empirical models from literature (among which those in Refs. [3,5,6]). It was discussed that this discrepancy,
besides the fact that some models do not consider boundary layer characteristics, are due to differences in
experimental techniques and geometries used. Lee and Ih [9] presented an empirical model based on their
experiments, which was argued to yield a better prediction of orifice impedance than models from literature.
However, surprisingly they did not address the influence of boundary layer characteristics. Leroux [10]
investigated the wave propagation in lined ducts with flow. Results were compared to a theoretical multimodal
method, see also, e.g. Kooijman et al. [11].

In the present paper we focus on the acoustical behaviour of orifices in case the boundary layer is thin
compared to the streamwise width. Experimental studies for this case are also available in literature.
Ronneberger [12] measured the effect of grazing flow on the impedance of circular and oblong orifices. The
boundary layer thickness, although not measured, was small (in the order of 1% of the aperture radius). He
proposed an analytical model with ‘considerable simplifications’, which however qualitatively predicted his
experimental results well. Furthermore he reasoned that boundary layer characteristics must have influence,
and limited the validity of his model to the regime of small boundary layer thickness compared to orifice
dimensions. In a later paper [13] Ronneberger questions his model more, especially in the higher Strouhal
number range.

Golliard [14] performed experiments with rectangular slots in a 2 microphone impedance tube set up.
Measurements were done for different turbulent boundary layers, with thickness in the order of the slot width
L in streamwise direction, up to Strouhal numbers of order 10. He compared his results with the predictions of
the analytical model for uniform grazing flow by Howe [15], which assumes an infinitely thin boundary layer
and shear layer. The acoustic impedance of the orifice was expressed in terms of a non-dimensional scaled
resistance ~rflow and -reactance ~dflow due to the grazing flow. These parameters will be defined below. Fig. 1
shows a fit of the results for the non-dimensional scaled resistance ~rflow and -reactance ~dflow against Strouhal
number oL=U0 for two boundary layer cases as obtained by Golliard. Here U0 is the grazing flow velocity
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Fig. 1. Fit of the experimental results obtained by Golliard [14] for the non-dimensional scaled resistance ~rflow (a) and reactance ~dflow (b)

versus Strouhal number oL=U0 in case of a turbulent boundary layer with momentum thickness to slit width ratio y=L ¼ 0:079 (solid line)

and y=L ¼ 0:29 (dotted line), respectively. Also the theoretical prediction of Howe [15], for one-sided grazing flow is shown (dashed line).
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outside the boundary layer, and o is the angular frequency of the sound. The boundary layer momentum
thickness y, cf. Eq. (15) further on, was 1.1 and 4.0mm, respectively. The aperture width was L ¼ 1:4 cm in
flow direction and 10 cm perpendicular to the flow. The results are compared with Howe’s theoretical model
[15] for single-sided grazing flow. Clearly an effect of the boundary layer thickness is seen. Comparing
experimental results with theory, some qualitative agreement for the resistance is found, in the sense that both
show oscillating behaviour (alternate regions of positive and negative resistance). However the scaling with
Strouhal number is different, an effect which is also seen when comparing the two different boundary layer
cases. Furthermore, the number of oscillations in the theoretical prediction is less than in the experiments.
Comparing experiment and theory for the reactance, no agreement is found. Especially, the fact that for large
Strouhal number the predicted reactance ~dflow does not tend to zero is peculiar.

Considering the convection velocity of vorticity Uc as the relevant velocity for the influence of the grazing
flow on impedance, subsequently a Strouhal number based on this convection velocity was employed. The
convection velocity was actually chosen for each configuration such that comparison between experiment and
theory was best. From this it appeared that the relation Uc=U0 ¼ 0:4ðdtu=LÞ�0:2 provided a reasonably good
fit, where dtu is the turbulent boundary layer thickness, see also Section 5.1 below. The results for the same
boundary layer cases as above, cf. Fig. 1, are shown in Fig. 2. The figure also shows the theoretical result for
two-sided grazing flow, where the ratio of flow velocity beneath and above the orifice equals U�=Uþ ¼ 0:2,
with Uþ ¼ U0. Compared to one-sided grazing flow more oscillations are seen, giving a better (qualitative)
agreement with experiments. Golliard therefore suggests that the velocity beneath the orifice, induced by
entrainment, should be taken into account when analysing the behaviour of an orifice with one-sided imposed
grazing flow. The experimental results of Golliard were first tentatively confirmed by Kooijman et al. [16].
Here, the change in orifice impedance due to grazing flow over a rectangular slot of a damped Helmholtz
resonator was determined by measuring the transfer of sound from a loudspeaker outside the resonator to a
microphone placed inside the resonator.

Peat et al. [17] compared measurements on circular orifices both with Howe’s theory in its original form and
with a modified form as proposed by Xiaodong Jing et al. [18]. Regarding the original formulation of the
theory basically the same conclusions were drawn as in Golliard’s work [14]. The reactance predicted by the
modified theory was argued to yield better (qualitative) agreement with experimental results, whereas
resistance prediction became worse. Especially negative resistance, found in some Strouhal ranges, was not
predicted anymore. Furthermore, the vorticity convection velocity was not considered as the relevant velocity
in comparing experiments with the modified theory, as opposed to comparison with the theory in the original
formulation.

In the present paper the effect of grazing flow on the impedance of rectangular orifices is experimentally
investigated by means of a multi-microphone impedance tube set-up. The aim is to provide accurate
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Fig. 2. Fit of the experimental results obtained by Golliard [14] for the non-dimensional scaled resistance ~rflow (a) and reactance ~dflow (b) in

case of a turbulent boundary layer with momentum thickness to slit width ratio y=L ¼ 0:079 (solid line) and y=L ¼ 0:29 (dotted line),

respectively. Here the Strouhal number oL=Uc is based on the convection velocity of vorticity in the aperture. Also the theoretical

prediction of Howe [15] for one-sided grazing flow (dashed line), as well as for a two sided grazing flow with ratio of flow velocity beneath

and above the orifice equal to U�=Uþ ¼ 0:2 (dot-dash line) is shown.
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experimental data obtained under well-defined circumstances. In this context the influence of the boundary
layer characteristics of the grazing flow is examined. Furthermore, linearity and the influence of the edge
geometry of the orifices—not explicitly taken into account in existing models, like that of Howe [15]—is dealt
with. In the following, first the used quantities to describe the effect of grazing flow on orifice impedance will
be discussed. Subsequently, the experimental set-up and the employed orifice geometries are treated. Next, a
thorough characterization of the mean flow properties is given. Finally, results are presented and conclusions
are drawn.
2. Quantities for the acoustical behaviour of an orifice

The acoustical behaviour of an orifice in a wall can be quantitatively expressed in several ways. The different
definitions will be treated below. Furthermore, quantities to describe the effect of grazing flow on the
acoustical behaviour of an orifice are given.

Consider an aperture with uniform imposed (Fourier transformed) acoustic pressure disturbances pþ and
p� above and below, respectively. The area averaged velocity disturbance through the orifice, perpendicular to
the wall, is denoted uh.

Employing an eþiot convention for harmonic disturbances, the Rayleigh conductivity of the aperture can be
written as:

KR ¼ ior0
uhS0

p� � pþ
, (1)

where S0 is the aperture area and r0 is the mass density.
Another quantity to express the acoustic properties of an orifice is the effective length leff . The approach

here is that the complex flow in the orifice region can be represented by an equivalent length of the mass of
fluid, with volume S0leff , which effectively participates in the acoustic motion. The effective length is found by
integration of the linearized Euler equation for momentum in the direction perpendicular to the wall in which
the orifice is placed:

leff ¼
1

ior0

p� � pþ
uh

¼
S0

KR

. (2)

In case the motion is purely reactive, the effective length is real. If also dissipation is present, the effective
length will have an imaginary part.

The last—and probably most commonly used—quantity to be discussed here, which represents the
acoustical behaviour of an orifice, is the (acoustical) impedance. Non-dimensionalized to the characteristic
impedance r0c0 of the fluid, with c0 the sound velocity, it is given by:

Zh �
1

r0c0

p� � pþ
uh

¼ ik0
S0

KR

¼ ik0leff (3)

with k0 ¼ o=c0. The impedance can be decomposed in a resistance r and a reactance d:

r ¼ ReðZhÞ,

d ¼
1

k0
ImðZhÞ. (4)

From Eq. (3) it follows that d ¼ Reðleff Þ, so that indeed d represents the inertia of the fluid in motion in the
aperture. Often the wall thickness of the aperture is subtracted from d to obtain a quantity referred to as the
end correction. Writing the resistance and reactance as function of the Rayleigh conductivity, using Eqs. (3)
and (4), results in:

r ¼ �k0 Im
S0

KR

� �
,
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d ¼ Re
S0

KR

� �
. (5)

Substituting the Rayleigh conductivity for a rectangular slot with uniform grazing flow U ¼ Uþ above and
U� beneath the orifice as calculated by Howe [15] gives:

r ¼ �
k0L

p
Imð2F ðSrL;mÞ þCÞ,

d ¼
L

p
Reð2F ðSrL;mÞ þCÞ,

where F ðSrL;mÞ is a complex function depending on the Strouhal number SrL ¼ oL=U0 and the ratio m of
mean flow velocity beneath and above the orifice: m ¼ U�=Uþ. The quantity C is related to the local
approximations of the Green function on either side of the aperture. It is determined by the geometry
surrounding the aperture, and hence does not dependent on the mean flow. On basis of this result Golliard [14]
proposed to subtract the resistance and reactance, respectively, without flow, such that for fixed m:

rflow ¼ r� rU¼0 ¼ �
2k0L

p
ImðF ðSrLÞ � FU¼0Þ,

dflow ¼ d� dU¼0 ¼
2L

p
ReðF ðSrLÞ � F U¼0Þ.

Here, F U¼0 is the value of function F in case mean grazing flow velocity is zero. Note that FU¼0 differs from
the value of F ðSrL;mÞ obtained for SrL !1: FU¼0 ¼ 0, whereas F ðSrL;mÞjSrL!1

¼ �2. Subsequently,
dividing rflow and dflow by the Mach number M ¼ U=c0 and the slit width L, respectively, gives the non-
dimensional scaled resistance and reactance due to the flow:

~rflow ¼
rflow

M
¼ �

2SrL

p
ImðF ðSrLÞ � FU¼0Þ,

~dflow ¼
dflow

L
¼

2

p
ReðF ðSrLÞ � FU¼0Þ.

According to the theory of Howe [15], these quantities thus solely depend on the Strouhal number and are
independent of the geometry surrounding the orifice.

Following the derivation above, in terms of the impedance the non-dimensional scaled resistance and
reactance due to the flow are given by:

~rflow ¼
1

M
ðReðZhÞ �ReðZh;U¼0ÞÞ,

~dflow ¼
1

k0L
ðImðZhÞ � ImðZh;U¼0ÞÞ. (6)

The acoustic pressure above the orifice pþ equals the radiation pressure prad, which is determined by the wave
equation for the medium above the orifice. Since in the presence of grazing flow the convective wave equation
holds, instead of the wave equation for a medium at rest, the radiation pressure is modified by the flow.
However, Ingard and Singal [19] showed that for the radiation of a piston in a moving medium this effect is
very small for Mach numbers below 0.2, see also Ref. [14]. Therefore, we consider the radiation pressure to be
independent of the flow. In calculating the non-dimensional scaled resistance and reactance just as well a ‘one-
sided’ orifice impedance Zh� can then be used:

Zh� ¼
1

r0c0

p�
uh

,

~rflow ¼
1

M
ðReðZh�Þ �ReðZh�;U¼0ÞÞ,
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~dflow ¼
1

k0L
ðImðZh�Þ � ImðZh�;U¼0ÞÞ. (7)

In the following these quantities will generally be called resistance and reactance for convenience. From the
context it will be clear that actually the scaled versions ~rflow and ~dflow are meant.
3. Impedance tube experiment

3.1. Set-up

Acoustic measurements have been performed with an impedance tube placed in a semi-anechoic room.
A multi-microphone layout is chosen in order to have better accuracy in a relatively wide frequency range
compared to a ‘standard’ 2 microphone impedance tube set-up [20–23]. Fig. 3 shows a schematic layout of the
set-up. It consists of a 70 cm long smooth steel tube with an inner radius of R ¼ 3:5 cm and an outer radius of
5.5 cm. A total of 7 microphones (PCB 116A) connected to charge amplifiers (Kistler 5011) are mounted in
adapters in the wall of the tube. A signal generator (NI PXI-5411 arbitrary waveform generator) sends a
harmonic signal with angular frequency o via an amplifier (Toellner TOE 7608) to the loudspeaker. The
loudspeaker couples the sound into the impedance tube at the back end through a piece of porous acoustical
damping material. The damping material serves to prevent unwanted high acoustic amplitudes due to
resonance. A plate with a rectangular slit is attached to the other end of the tube. The plate is positioned such
that the orifice is centred above the tube. The geometries of the different slits used are given further on. The
plate is also fixed to the nozzle of an open silent windtunnel, which generates the grazing flow over the slit. In
order to prevent acoustical leaks, o-rings are placed between the microphone adapters and the tube, as well as
between the plate and the tube. The signals of the microphone’s charge amplifiers as well as the function
generator signal are digitally sampled by a 8 channel dynamic signal acquisition (DSA) card (NI PXI-4472) at
10 kS/s. Both the DSA card and the signal generator module are driven by an embedded controller (NI PXI-
8176), the three units are housed in a NI PXI-1042 8-slot chassis. For a single measurement microphone
signals are recorded over a period of 100 s. Subsequently, as post-processing, lock-in amplification is
performed on an integer number of signal periods to determine the complex amplitudes of the microphone
signals. From this the reflection coefficient at the end plate is calculated as described below.
3.2. Impedance measurement

Below the cut-on frequency of the first higher order acoustic mode in the tube (at f ¼ 2870Hz), the acoustic
pressure and velocity disturbance, p resp. u, in the tube are plane waves. The complex amplitudes are given by:

pðxÞ ¼ pþ expð�ikþxÞ þ p� expðik�xÞ, (8)
Fig. 3. Schematic layout of the impedance tube set-up.
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uðxÞ ¼
1

r0c0
ðpþ expð�ikþxÞ � p� expðik�xÞÞ. (9)

Here p� is the complex amplitude at x ¼ 0 of the plane pressure wave travelling in positive resp. negative x-
direction, i.e. to the right and to the left in Fig. 3. In case of no mean flow through the tube the wavenumber
k� is equal in both directions. Accounting for visco-thermal damping at the walls of the tube of the acoustical
waves it is given by:

k� ¼
o
c0

1þ
1� iffiffiffi

2
p

1

Sh
1þ

g� 1ffiffiffiffiffiffi
Pr
p

� �
�

i

Sh2
1þ

g� 1ffiffiffiffiffiffi
Pr
p �

1

2
g
g� 1

Pr

� �� �
(10)

in the low frequency approximation, kR51, and for high shear numbers, Sh ¼ R
ffiffiffiffiffiffiffiffi
o=n

p
b1, see e.g. Peters [24].

Here n is the kinematic viscosity, g the ratio of specific heats at constant pressure and constant volume, and Pr

is the Prandtl number. We used the properties of dry air at 20 �C and atmospheric pressure: c0 ¼ 344ms�1,
n ¼ 1:51� 10�5 m2 s�1, g ¼ 1:4, Pr ¼ 0:71. In the current experiments 0:03okRo0:6, and the shear number
ranges from Sh ’ 160 for low frequency to Sh ’ 700 for high frequency. The first correction to o=c0, which is
proportional to Sh�1, affects both phase velocity and damping of the acoustic plane waves. Here, it is in the
order of 2� 10�3 (for low frequency) to 4� 10�4 (for high frequency). The second term, proportional to Sh�2,
only affects the damping. In our experiments it is in the order of 10�3 to 7� 10�3 of the value of the first
correction for high and low frequency respectively, and therefore negligible. The effect on the damping
coefficient of the plane waves due to visco-thermal losses in the bulk, see for instance Pierce [25] and Peters
[24], appears to be at least two orders of magnitude smaller than that due to the losses at the wall given above.
Therefore, it is neglected here. Eq. (8) can be written for all positions x1 . . . x7 of the 7 microphones,giving an
overdetermined problem for pþ and p�:

pðx1Þ

..

.

pðx7Þ

2
664

3
775

|fflfflfflfflffl{zfflfflfflfflffl}
pm

¼

expð�ikþx1Þ expðik�x1Þ

..

. ..
.

expð�ikþx7Þ expðik�x7Þ

2
664

3
775

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Mexp

pþ

p�

" #
. (11)

Here we take x ¼ 0 for the position of the end plate wall at the inside of the tube. The microphone positions
are: x1 ¼ �20mm, x2 ¼ �70mm, x3 ¼ �170mm, x4 ¼ �310mm, x5 ¼ �365mm, x6 ¼ �410mm,
x7 ¼ �565mm. The overdetermined system of Eqs. (11) is solved in a least square way [26]. The solution is
found by:

pþ

p�

" #
¼ ðMT

expMexpÞ
�1MT

exp � pm, (12)

where superscript T indicates the complex conjugate transpose. The impedance Zh� of the orifice, as defined in
Eq. (7), is now given by:

Zh� ¼
1

r0c0

pð0Þ

uh

¼
S0

Stube

pþ þ p�

pþ � p�
(13)

using Eqs. (8) and (9). Here, from conservation of mass, the acoustic velocity through the orifice, uh, equals
Stube=S0 times the acoustic velocity in the tube at x ¼ 0, uð0Þ. S0 and Stube are the (cross sectional) areas of the
orifice and tube, respectively. Note that in calculating the impedance by Eq. (13) the effect of visco-thermal
damping on the wavenumber is not included, since it is only a small correction in the order of 10�3 at
maximum. However, in calculating the complex pressure amplitudes p�, cf. Eqs. (11) and (12), it is included,
since it has a cumulative effect in the wave propagation.

Note that for a more conventional two microphone set-up the measurement error becomes very large if the
distance between the two microphones is an integer times a half-wavelength [20,21]. Since in the present
experiments 7 irregularly placed microphones are used, at most one microphone will be at (an integer times)
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half a wavelength from another microphone for any frequency. This enables accurate measurements in a wide
frequency range. The measurement accuracy of the set-up is assessed in the following.
3.3. Accuracy

In order to increase accuracy the microphones are calibrated with respect to a reference microphone. This is
done by placing the reference microphone and the microphone to be calibrated in a closed end wall at the end
of the impedance tube. In this way the same sound pressure is imposed on the microphones. Any difference in
the measured complex amplitudes of the microphones results in a calibration factor. The calibration is done at
several frequencies. In the subsequent acoustical measurements the reference microphone is placed at the
position closest to the end wall. After calibration, the reflection coefficient R0 ¼ p�=pþ at a closed end wall is
measured in order to assess the accuracy of the measurement set-up. Fig. 4 shows the deviation of the absolute
value jR0j from unity as well as the (deviation of the) phase f of the reflection coefficient scaled to 2p radians.
Both are Oð10�3Þ (for frequencies up to 800Hz). Note that this is a systematic error. The reproducibility of the
measurement (random error) is observed to be Oð10�4Þ. From these results the error in the measured non-
dimensional scaled resistance and reactance is estimated to be in the order of 10�2.
4. Orifice geometries

Measurements are done with different rectangular orifices. Schematic cross sections are given in Fig. 5. All
slits are symmetrically positioned in a 1.5 cm thick 20 cm� 20 cm aluminum plate. Four slits have width
L ¼ 1 cm in flow direction and measure 5 cm perpendicular to the flow, cf. Fig. 5a–d. The first one has 27�

sharp edges both upstream and downstream. The second one, Fig. 5b, has a single sharp 27� edge and a
normal 90� edge. By rotating the plate half a turn the sharp or normal edge can be positioned upstream or
downstream. The third orifice geometry, Fig. 5c, has a normal 90� edge on one side. At the other side a 0:1mm
thin phosphor bronze plate juts out 2mm into the 12mm wide slit in the plate, giving a sharp ‘‘0�’’ edge. Also
here, both edges can be positioned either upstream or downstream. The last 1 cm wide slit, Fig. 5d, has two
normal 90� edges. The distance of the windtunnel outlet to the upstream edge is Lw ¼ 9:5 cm for these four
L ¼ 1 cm orifices. By rotating the plate with the orifice given in Fig. 5d a quarter turn a slit with normal 90�

edges upstream and downstream is obtained measuring L ¼ 5 cm in flow direction and measuring 1 cm
perpendicular to the flow, cf. Fig. 5e. Distance from windtunnel outlet to upstream edge is Lw ¼ 7:5 cm for
this case.
Fig. 4. Impedance tube measurements of the reflection coefficient R0 at a closed end wall. Absolute deviation of jR0j from unity (a) and

absolute value of the phase f of R0 scaled to 2p radians (b).
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Fig. 5. Schematical cross section of the different rectangular orifices used in experiments. Slits (a)–(d) measure L ¼ 1 cm in grazing mean

flow direction, have width of 5 cm perpendicular to the flow, and differ in edge geometry: (a) sharp 27� edges both sides; (b) sharp 27� edge

upstream or downstream; (c) sharp ‘0� edge’ upstream or downstream; (d) 90� edges both sides. Asymmetrical slits (b) and (c) can be

placed with their sharp edge either downstream (as drawn) or upstream. Slit (e) has width L ¼ 5 cm in flow direction and measures 1 cm

perpendicular to the flow, edges are 90� at both sides.

Table 1

Characteristics of the different boundary layers measured

Boundary layer Lw (cm) U0 (m/s) ReLw
Tripping d99 (mm) d1 (mm) y0 (mm) ufric=U0 Classification

I 9.5 4.0 2:53� 104 – 5.0 1.38 0.55 Laminar

II 9.5 6.0 3:80� 104 – 3.8 1.10 0.46 Laminar

III 9.5 8.8 5:57� 104 – 3.1 0.90 0.38 Laminar

IV 9.5 16.8 1:06� 105 – 2.5 0.67 0.29 Transitional

V 9.5 16.8 1:06� 105 Sandpaper 7.2 1.16 0.83 0.048 Turbulent

VI 9.5 16.8 1:06� 105 Spoiler 22.4 8.80 3.90 0.0175 Turbulent wake

VII 9.5 34.1 2:16� 105 Sandpaper 7.3 1.16 0.81 0.044 Turbulent

VIII 7.5 16.8 8:40� 104 – 2.5 0.64 0.29 Transitional

IX 7.5 16.8 8:40� 104 Sandpaper 7.2 1.18 0.81 0.048 Turbulent

X 7.5 16.8 8:40� 104 Spoiler 22.3 9.13 3.63 0.0135 Turbulent wake
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5. Mean flow properties

5.1. Boundary layer characterization

In order to investigate the influence of boundary layer characteristics on the effect of grazing flow on orifice
impedance, different boundary layer flows—both laminar and turbulent—have been employed. The different
boundary layers have been realized by varying the main flow velocity U0 outside the boundary layer and by
tripping the flow at the windtunnel outlet. For this purpose a strip of sandpaper or a spoiler are used. Detailed
measurements of the boundary layer at the upstream edge of the wall aperture have been performed. For this
purpose a 5mm hot-wire is used (Dantec 55P11 on a Dantec 55H20 support connected to Streamline cta
module 90C10). The hot-wire measurements are done at a sample rate of 4000 S/s for 10 s. Furthermore,
measurements are done at distance Lw ¼ 7:5 cm and Lw ¼ 9:5 cm from the windtunnel outlet, corresponding
to the different positions of the upstream edge of the wall aperture configurations used, cf. Fig. 5. The
characteristics of the boundary layers based on the hot-wire measurements are listed in Table 1.
A classification is also given, which will be further explained in the following.
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Here ReLw
¼ U0Lw=n is the Reynolds number on the windtunnel outlet to orifice distance Lw, d99 is the

boundary layer thickness, where Uðd99Þ=U0 ¼ 0.99, d1 is the displacement thickness:

d1 ¼
Z 1
0

1�
UðyÞ

U0

� �
dy (14)

and y0 is the momentum thickness of the boundary layer:

y0 ¼
Z 1
0

UðyÞ

U0
1�

UðyÞ

U0

� �
dy. (15)

It was found that the profiles for Lw ¼ 7:5 cm are almost similar to the equivalent profiles at Lw ¼ 9:5 cm. The
largest difference here is seen for the spoiler-tripped boundary layer. Also, the sandpaper-tripped boundary
layers with U0 ¼ 16:8m=s (V) and U0 ¼ 34:1m=s (VII) are almost similar.

The measured data for boundary layers I–IV and VIII were fitted with a laminar Blasius profile [27]. A good
fit is obtained for profile I at 4m/s. For increasing velocities, boundary layers II–IV and VIII, the deviation
from a Blasius profile appeared to become significant. The profiles V–VII and IX and X are fitted with a
turbulent boundary layer velocity distribution given by the logarithmic law corrected with Coles’ law of the
wake [28]:

UðyÞ

ufric
¼

1

k
ln

ufricy

n

� �
þ Bþ

P
k

1� cos p
y

dtu

� �� �
; ypdtu,

P ¼
k
2

U0

ufric
�

1

2
ln

ufricdtu
n

� �
�

Bk
2

. (16)

Here ufric is the friction velocity. Table I gives the friction velocity obtained from the fit for the concerning
boundary layers. B ¼ 5:1 is a boundary layer constant, k ¼ 0:41 is the von Kármán constant, and dtu is the
turbulent boundary layer thickness where UðdtuÞ ¼ U0. Good agreement between the measured profiles and
the fits was obtained.

In order to investigate the turbulence of the boundary layers some more, the turbulent intensity Tu is
considered. Following, e.g. Schlichting [27]), we define the turbulence intensity here as the ratio of the root

mean square of the turbulent velocity fluctuations U 0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U 0x

2
þU 0y

2
q

perpendicular to the hot-wire and the

velocity U0 outside the boundary layer:

Tu ¼

ffiffiffiffiffiffiffiffiffiffiffi
hU 0

2
i

q
U0

. (17)

The turbulence intensity of the turbulent fitted boundary layers (i.e. numbers V, VI, VII, IX and X) is indeed
found to be larger than that of the laminar fitted boundary layers. However, especially for boundary layers IV
and VIII the turbulence intensity is found to be almost as large as for the turbulent fitted ones: Tu ’ 0:1 at
maximum. Although it is still reasonably well fitted with a laminar Blasius profile, these boundary layers can
be regarded as on the transition from laminar to turbulent. Also, when looking at the time signals of the
hotwire measurements, the velocity fluctuations were found to occur more rapidly with increasing main flow
velocity for the laminar fitted boundary layers. And indeed the velocity fluctuations for the turbulent fitted
boundary layers were found to occur much more rapidly than for all laminar fitted boundary layers.

Summarizing the results above, boundary layers I–III will be regarded as laminar, whereas boundary layers
IV and VIII are designated transitional. The sandpaper tripped boundary layers V, VII and IX are turbulent.
Due to the observed pronounced form of a wake behind a object the spoiler tripped boundary layers VI and X
will be designated as turbulent wake.

5.2. Shear layer profiles

In studying its acoustical response the flow properties of the shear layer developing in the orifice are of
interest. Therefore, hot-wire measurements of shear layer profiles are done for the 1 cm orifices with double



ARTICLE IN PRESS
G. Kooijman et al. / Journal of Sound and Vibration 315 (2008) 849–874 859
sharp 27� edges and with double 90� edges, as well as the 5 cm slit, cf. Fig. 5a, d and e, respectively. Results for
the 1 cm slot with sharp edges are shown in Fig. 6 for boundary layer flows I–V. Shear layer profiles at various
distances from the upstream edge xs are depicted, viz. xs ¼ 2mm, xs ¼ 4mm, xs ¼ 6mm and xs ¼ 8mm. Also
the boundary layer profiles are shown (xs ¼ 0mm). The y-coordinate on the horizontal axes is scaled to the
momentum thickness y0 of the boundary layer. Shear layer profiles for the 1 cm slot with double 90� edges are
shown in Fig. 7 at the same distances xs for transitional boundary layer flow IV and turbulent boundary layers
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V. For the 5 cm slot shear layer profiles for boundary layer flows VIII and IX (to be compared with boundary
layers IV and V for the 1 cm slots) are shown in Fig. 8 for various distances xs from the upstream edge. The
shear layer profiles (of boundary layers IV and V) for the 1 cm slot with sharp edges and the 1 cm slot with
normal edges are nearly identical. However, for turbulent boundary layer flow V the measured velocity does
not seem to tend to zero at the lower side of the shear layer in case of the slot with normal edges. Here, the flow
velocity remains more or less constant. Most probably this is caused by the fact there is a significant
entrainment velocity. Comparing the geometries of the two orifices it could be expected that the flow in the
slot with normal edges will differ more from an ‘ideal’ parallel shear flow especially near the upstream and
downstream edge. In the case of normal edges the entrainment velocity will have a strong component
perpendicular to the main flow. The effect is also seen in shear layer measurements closest to the upstream
edge for the 5 cm slot especially with turbulent boundary layer IX. Analogous to the boundary layer
momentum thickness, the shear layer momentum thickness is given by:

y ¼
Z 1
�1

UðyÞ

U0
1�

UðyÞ

U0

� �
dy. (18)
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The momentum thickness as function of the distance from the upstream edge calculated for the experimental
data above is shown in Fig. 9 for the 1 cm slot with sharp edges for boundary layer flows I–V. For all
boundary layer flows the data can be fitted well with a straight line, giving a linear increase of momentum
thickness with distance. For the 5 cm slot momentum thickness as function of distance to upstream edge is
depicted in Fig. 10. For the turbulent boundary layer IX a linear fit applies. As shown in the graph this fit
agrees well with that applied to the data for the corresponding turbulent boundary layer V in case of the 1 cm
slot with sharp edges (Fig. 9). For the transitional boundary layer VIII a linear increase in momentum
thickness with distance is seen up to xs ¼ 10mm. The linear fit applied to the data of the corresponding
transitional boundary layer IV in case of the 1 cm slot with sharp edges, cf. Fig. 9, also applies reasonably well
to these points. However, for larger distances from the upstream edge a stronger increase in momentum



ARTICLE IN PRESS
G. Kooijman et al. / Journal of Sound and Vibration 315 (2008) 849–874862
thickness is seen. Note that, in calculating the momentum thickness, for those cases in which a non-zero
velocity is measured at the lower side of the shear layer due to the entrained normal velocity, an estimate of the
(parallel) profile there is made. The error in the calculated values for y=y0 is estimated at �5%. Due to
experimental constraints the shear layer profiles for the spoiler tripped turbulent wakes VI and X have not
been measured.
6. Results

6.1. Impedance without mean flow

The experimental set-up used, cf. Fig. 3, i.e. an orifice in a plate placed close to a windtunnel outlet in a room
which is only anechoic above 300Hz, is acoustically rather complex. In order to determine the effect of grazing
mean flow on the orifice impedance, according to Eq. (7), later on, the impedance in absence of flow has been
measured. Results are shown in Fig. 11. Here, as reference, the real part of the impedance, i.e. the resistance r, is
scaled to the square of the Helmholtz number k0Re based on the hydraulic radius Re of the aperture. The
imaginary part of the impedance is scaled to the Helmholtz number k0Re. The hydraulic radius of the orifice is
the equivalent radius of a circular orifice with the same area: Re ¼

ffiffiffiffiffiffiffiffiffiffiffi
S0=p

p
. At low frequency the resistance

becomes very small, resulting in a relatively large measurement error. Furthermore, the scaling factor ðk0ReÞ
2

tends to 0 for low frequency. This results in the large value for the scaled resistance at low frequency shown in
Fig. 11. Note that in presence of grazing flow the resistance at low frequency becomes much larger than in case
of no flow (see e.g. Fig. 13 further on), so that the relative measurement error greatly reduces.

Between a frequency of f ¼ 200 and 800Hz, corresponding to k0Re between 0.05 and 0.2, the value for the
scaled resistance is reasonably constant between 0.5 and 1. Also, results for the different orifice geometries are
in general quite close. For higher frequency large values or the resistance are seen. According to Eq. (4), the
imaginary part of the impedance divided by Helmholtz number k0Re equals the ratio of reactance d to
hydraulic radius Re. Except at higher frequencies the observed values in Fig. 11 are fairly constant with
frequency for all orifice geometries.

The reactance is a measure of the total amount of fluid effectively participating in the acoustic motion in the
orifice. In this respect the value of the reactance for the different orifice geometries increases as expected in the
following order: double sharp 27� edges, single sharp 27� edge, single sharp 0� edge and normal 90� edges. For
the orifice with normal 90� edges the plate thickness (equal to 1:5 cm, or 1:19Re) can simply be subtracted from
the reactance d to obtain an end correction. This end correction is then about equal to the hydraulic radius Re.

An indication of the accuracy of reflection coefficient measurements, addressed in Section 3.3 above, in
relation to the orifice impedance without flow is given in Fig. 12. Here, the reflection coefficient R in case the
orifice impedance is Zh� ¼ 0:5ðk0R2Þ

2
þ i1:8k0Re is compared to the error in the reflection coefficient at a

closed wall. Note that this impedance is representative for an orifice in free space (in absence of mean flow).
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However, it is not necessarily representative for the current set-up, as it is acoustically more complex (see the
remark above). For instance resonances in the windtunnel exit nozzle (measuring 20 cm� 20 cm) are to be
expected around f ¼ 860Hz. Such resonances can greatly modify the orifice impedance. The figure shows
the value of j1� jRk and jf=2pj, with f the phase of the reflection coefficient, for both the orifice impedance
mentioned above and for the measurements at a closed wall, cf. Fig. 4, as function of Helmholtz number k0Re.
It is observed that for low and high frequency the deviation of the absolute value of the reflection coefficient
from unity, calculated for the mentioned impedance, is of the same order as the error. In between the error is
about an order in magnitude smaller than the value related to the given impedance. The error in the phase of
the reflection coefficient is at least an order of magnitude smaller than the value related to the given
impedance.

6.2. Impedance with grazing mean flow

Fig. 13 shows the measured impedance Zh�, cf. Eq. (3), for the L ¼ 1 cm orifice with double sharp 27� edges
as function of frequency f in case no mean flow is present, and in case of grazing mean flow with turbulent
boundary layer V. Globally, for this particular boundary layer case the effect of the grazing flow on the
impedance is quite large compared to the value of the impedance without flow. The difference in impedance
due to the flow is depicted in Fig. 14. With grazing flow the value of the impedance (both real and imaginary
part) oscillates around the no flow value. At low frequency the flow increases the resistance, here absorption of
sound occurs. For increasing frequency this effect diminishes, and at around f ¼ 320Hz a region starts where
the resistance is decreased by the grazing flow. In this region the resistance with flow becomes negative, this
means sound production takes place. At about f ¼ 590Hz there is a minimum in the resistance, after which a
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sharp transition to a second region of sound absorption is seen. The increase in resistance due to the flow in
this region is much larger than at low frequencies. The sharp transition in the resistance coincides with a peak
in the imaginary part of the impedance. In a region around this peak the effect of the flow is to increase the
imaginary part of the impedance, and therefore the reactance, whereas outside this region the reactance is
decreased by the flow.

6.3. Linearity

The linearity of orifice impedance with grazing flow is investigated by measuring at different sound pressure
levels. Results for the L ¼ 1 cm slot with double sharp 27� edges with turbulent boundary layer V at several
frequencies are plotted in Fig. 15. The graphs show the relative change of the real and imaginary part of the
orifice impedance Zh� with respect to a reference value Zh�;ref as function of the amplitude of the acoustic
velocity through the orifice juhj over the mean flow velocity U0. The value of the impedance at the lowest
acoustic velocity amplitude is taken as reference Zh�;ref . Note that the scale juhj=U0 ¼ 10�4 to juhj=U0 ¼ 1 in
Fig. 15 corresponds to sound pressure levels from about 70 dB up to 150 dB just beneath the orifice.

For the lowest frequency, f ¼ 48Hz, linear behaviour is observed up to a relative amplitude juhj=U0 ¼ 0:2
for the real part and up to juhj=U0 ¼ 5� 10�2 for the imaginary part of the impedance. At f ¼ 302Hz, just
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before the resistance becomes negative, see Fig. 13, impedance is linear up to a relative amplitude juhj=U0 of
10�2. Strong nonlinear behaviour is only seen for juhj=U0 larger than 0:1. For the frequencies f ¼ 588 and
660Hz, at which the resistance has a minimum and maximum, respectively, cf. Fig. 13, the onset of nonlinear
behaviour is at approximately juhj=U0 ¼ 2� 10�3. For f ¼ 609Hz, corresponding to the sharp transition
from negative to positive resistance and the peak in the imaginary part of the impedance, cf. Fig. 13, the onset
of nonlinearity seems to be at even lower amplitude, at about juhj=U0 ¼ 3� 10�4. At a frequency of
f ¼ 898Hz, beyond the strong oscillations in impedance, linearity is observed up to juhj=U0 several
times 10�3.

Considering the deviations in the impedance from the (linear) reference value at a given amplitude, the effect
of nonlinearity increases from f ¼ 48Hz to subsequently f ¼ 302; 898; 660; 588; 609Hz. Nonlinearity thus
seems to be strongest in the region where the oscillations in impedance are observed, here the onset of
nonlinear behaviour is at lower amplitudes and the deviation from the linear impedance is largest.

In following measurements on the linear behaviour of the orifice impedance under grazing flow the acoustic
amplitudes mostly are close to the onset of nonlinearity, in order to have maximum signal amplitude.

6.4. Non-dimensional scaled resistance and reactance

Figs. 16 and 17 show the non-dimensional scaled resistance and reactance, as defined in Eq. (7), for the
L ¼ 1 cm orifice with double 27� edges for the different boundary layer flows. Non-dimensional scaled
resistance and reactance for the L ¼ 5 cm aperture are depicted in Fig. 18. The results are plotted versus the
Strouhal number oL=U0 based on the orifice width in stream wise direction and the main flow velocity outside
the boundary layer. For the L ¼ 1 cm orifice similar features are seen for all boundary layers. For increasing
Strouhal number about 4 regions are observed. For low Strouhal number resistance is positive, implying
sound absorption. For higher Strouhal number a region is found where resistance is negative, implying sound
production due to the grazing flow. Subsequently two more regions of alternately positive and negative
resistance follow. A similar oscillating behaviour is seen for the reactance. For both resistance and reactance
the oscillations damp out for high Strouhal number. The Strouhal numbers of the oscillations in the reactance
more or less coincide with those of the oscillations in the resistance. These specific features in resistance and
reactance generally shift to a higher Strouhal number for decreasing boundary layer thickness. Furthermore,
the amplitudes of the oscillations increase with decreasing laminar/transitional boundary layer thickness
(I–IV). For the turbulent boundary layer V larger oscillations in the resistance and reactance are observed
than for the laminar boundary layers I–III, although the boundary layer thickness of V is generally larger than
that of I–III. For the spoiler tripped turbulent wake VI qualitatively the same features for the resistance and
reactance as discussed are observed up to a Strouhal number of 1.7. However, for larger Strouhal number
especially the resistance is not found to damp out to 0 (at least up to the largest Strouhal number measured).
The results for turbulent boundary layer flows V and VII, which have nearly the same characteristics but
different Mach number, are very close, although the first ‘peak’ of negative resistance at oL=U0 ’ 2 is
stronger for BL VII.

For the L ¼ 5 cm orifice more oscillations in resistance and reactance are found. Furthermore, for the
turbulent wake boundary layer X less clearly defined behaviour is found. In this case the error in the
measurements is of the same order as the measured effect itself. For the transitional boundary layer VIII,
the thinnest one, most oscillations are seen. Also the oscillations are at a higher Strouhal number and have a
larger amplitude compared to the turbulent boundary layer IX case. This is the same as seen in mutually
comparing the correspondent boundary layers IV and V, respectively, for the L ¼ 1 cm orifice. Furthermore,
in the results for transitional and turbulent boundary layers VIII and IX, respectively, the first resonance in
resistance and reactance has a smaller amplitude and seem to be at a slightly higher Strouhal number,
compared to their corresponding cases for the L ¼ 1 cm slot.

6.5. Effective Strouhal number

As pointed out by others, e.g. Golliard [14], the impedance of the orifice is closely connected to
the hydrodynamic instability of the shear layer developing in the orifice. A better way to compare
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Fig. 16. Non-dimensional scaled resistance ~rflow resp. reactance ~dflow due to grazing mean flow for the L ¼ 1 cm orifice with double 27�

edges for different boundary layer flows (the boundary layer momentum thickness y0 scaled to the slit width L is indicated for each case):

(a,b) BL I, y0=L ¼ 0:055; (c,d) BL II, y0=L ¼ 0:046; (e,f) BL III, y0=L ¼ 0:038.
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orifice impedance for different boundary layers would therefore be to consider them as a function of
the Strouhal number based on the phase velocity Uc of the hydrodynamic instability wave, i.e. the
convection velocity of vorticity in the aperture, rather than as function of the Strouhal number based on
the main flow velocity U0. Golliard [14] used the convection velocity as a fit parameter to get a
better agreement with the theoretical prediction of Howe [15]. Goldman and Panton [2] for instance
also discussed the use of an effective convection velocity, although they gave it a more general
interpretation.
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Here we attempt to use calculations of the convective velocity of hydrodynamic instability in a shear layer
with generalized hyperbolic-tangent form as presented by Michalke [29,30]:

UðyÞ

U0
¼ 1� ð1þmemf ðmÞy=yÞ

�1=m,

f ðmÞ ¼

Z 1

0

1� z

1� zm
dz. (19)
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y0=L ¼ 0:0055; (c,d) BL IX, y0=L ¼ 0:0162; (e,f) BL X, y0=L ¼ 0:0725.
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As shown there, for given profile, set by the profile parameter m, the phase velocity Uc of the hydrodynamic
instability, non-dimensionalized by the mean flow velocity U0, is a function of the Strouhal number based on
the momentum thickness y of the shear layer and U0:

Uc

U0
¼ f

oy
U0

;m

� �
. (20)

Generally, concerning the form of the shear layers, it was found that generally a good fit could be obtained
between experiments, cf. Figs. 6–8, and the generalized hyperbolic-tangent profile, Eq. (19).
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This is illustrated in Fig. 19, where the measured shear layer profiles for the 1 cm orifice with double 27�

edges and transitional boundary layer flow IV are fitted with Eq. (19). The values of the shear layer
momentum thickness used in the fits is close to those calculated from the measured profiles, cf. Fig. 9. As
shown, the profile parameter m varies between1 for the boundary layer to m ¼ 1:5 for the shear layer 8mm
from the upstream edge. The hyperbolic-tangent profiles are shifted in the y-direction as to give the best fit
with experimental data. For the boundary layer this actually gives a slight offset in the wall position. Note that
shifting the fit profiles does not affect the calculated phase velocity.

For the turbulent boundary layer flows, no. V for the 1 cm slots and no. IX for the 5 cm slot and for the 5 cm
slot with transitional boundary layer flow VIII shear layer profiles could be fitted less well with the generalized
hyperbolic-tangent profile than shown in the figure above.

Despite the good fit of the measured shear layer profiles with the generalized hyperbolic-tangent profile, the
form of the shear layer changes and the momentum thickness increases with distance from the upstream edge,
such that no unambiguous convection velocity can be found here. Nevertheless, as first approximation for the
averaged convection velocity of vorticity in the orifice can be derived from the shear layer profile halfway the
orifice. A reasonable justification for this can be found in the fact that the momentum thickness of the shear
layer increases linearly with distance xs from the upstream orifice edge (except for BL VIII, cf. Fig. 10), and
that the convection velocity on its turn depends almost linearly on the Strouhal number based on the
momentum thickness, oy=U0 (certainly for oy=U0t0:15) [30]. Furthermore, for low profile parameter, mt4,
which is generally applicable to the measured profiles, the difference found in convection velocity between
profiles with different m is 20% at maximum.

A scaling of the Strouhal number based on the above mentioned is done for the experiments with the 1 cm
slit with double 27� edges for boundary layer flows I–V, depicted in Figs. 16 and 17. The convective velocity is
thus calculated from Michalke’s results for a shear layer profile halfway the slot, at xs ¼ 5mm. The profile
parameter is taken m ¼ 2, providing a reasonably good fit with measured shear layer profiles. The momentum
thickness at xs ¼ 5mm is determined from Fig. 9.

Note that here only the range oy=U0o0:25, for which Uc is given, is considered. For comparison the
resistance and reactance for the 1 cm slot versus Strouhal number oL=U0 for boundary layer flows I–V, cf.
Figs. 16 and 17, are plotted together in Fig. 20. The same results plotted versus Strouhal number on the
convective velocity are displayed together in Fig. 21. Here, the resistance and reactance are scaled to the
average of their absolute value for each case. In the same way, scaling of the results for the L ¼ 5 cm aperture
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with transitional boundary layer flow VIII and sandpaper tripped turbulent boundary layer flow IX, depicted
in Fig. 18, is performed. Also here the hyperbolic-tangent profile parameter is taken m ¼ 2, the momentum
thickness is that halfway the slit, at xs ¼ 25mm, cf. Fig. 10.

Again for comparison, the results for the 5 cm slot for boundary layer flows VIII and IX versus Strouhal
number based on the mean flow velocity U0, cf. Fig. 18, are plotted together in Fig. 22. The same results versus
Strouhal number based on the convective velocity, are plotted together in Fig. 23. The resistance and reactance
are scaled to the average of their absolute value for both cases. Looking at Fig. 20 and 21 for the L ¼ 1 cm
slot, the characteristic features in the non-dimensional scaled resistance and reactance are more at the same
Strouhal number for the different boundary layers when using Uc instead of U0. Especially the results for
laminar boundary layers I–III ‘coincide’ very well. Also, the results for transitional boundary layer IV are
much closer to those of the other boundary layers, when using the effective Strouhal number. Especially the
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transition of negative to positive resistance and corresponding peak in reactance, around oL=Uc ¼ 5,
coincides better. In the region where resistance is negative results for transitional boundary layer IV and
turbulent boundary layer V become very similar, when using the convective velocity. For the L ¼ 5 cm slot,
Figs. 22 and 23 show that using the convective velocity is mainly beneficial for the reactance, at least up to
oL=Uc ¼ 13. Comparing the results for the 1 cm slot and the 5 cm slot against Strouhal number on the
convective velocity, the characteristic features seem to be at a slightly lower Strouhal number for the 5 cm slot.
Furthermore, it was already observed that for the 5 cm slot still oscillations in resistance and reactance are seen
for higher Strouhal numbers, where resistance and reactance tend to zero for the 1 cm slot. This could be
explained by the fact that the ratio of boundary layer or shear layer momentum thickness y to slot width L is
much smaller for the 5 cm slot compared to the 1 cm slot. When assuming that oscillations in the non-
dimensional scaled resistance and reactance (that is deviation from a zero value) can only occur when
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hydrodynamic instability occurs, an estimate of the maximum Strouhal number where oscillations are still
observed can be made. From Michalke [29,30] it follows that for a shear layer with generalized hyperbolic-
tangent profile hydrodynamic instability occurs up to a Strouhal number on the momentum thickness,
Sry ¼ oy=U0, of about 0.25. This value differs only slightly with profile parameter m. Using this, and the
concerning ratios of boundary layer momentum thickness y0 (which is the minimum momentum thickness) to
slit width L, the concerning maximum Strouhal number oL=U0 is about 4.5, 5.4, 6.6, 8.6 and 3 for the 1 cm
slot with boundary layer flows I–V, respectively. For the 5 cm slot the values are indeed much higher, namely
43 and 15 for the boundary layer flows VIII and IX, respectively. The above-mentioned numbers are fairly in
agreement with what is observed in Figs. 20 and 22. It has to be noted that sandpaper tripped turbulent
boundary layer flow V with the 1 cm slit seems to be a slight exception here, and for the 5 cm slot with
transitional boundary layer VIII measurements could not be performed at sufficient high Strouhal number in
order to assess where resistance and reactance due to the mean flow attenuate to zero.
6.6. Influence of edge geometry

The influence of the edge geometry of the orifice on the impedance due to grazing flow is investigated for the
1 cm slot with turbulent boundary layer flow V. The different edge geometries are as shown in Fig. 5. The slots
with asymmetrical edge geometries, Fig. 5b and c, are used with the sharp edge both upstream and
downstream. Results are given in Fig. 24. The edge geometry clearly affects the amplitudes of the oscillations
in resistance and reactance. Compared to the double 90� edge geometry, the geometry with the single sharp 0�

edge upstream gives nearly the same results. Results for the single sharp 27� edge upstream also are very
similar regarding the reactance. For the resistance a more significant difference is seen, mostly in the region
around a Strouhal number of 3 where it is positive the resistance is larger. Placing the sharp edges downstream
has a larger effect, especially for the 27� edge. The amplitudes of the oscillations in resistance are larger
compared to both the double 90� edge geometry and the corresponding geometries with the sharp edge
upstream. For the single sharp 0� edge downstream the reactance in the region where it is positive increases,
for the 27� edge also a significant effect on the reactance is seen in the regions where it is negative. For the
geometry with sharp 27� edges both upstream and downstream a slightly further increase is seen in the
amplitude of the oscillations. In conclusion, mainly the downstream edge geometry affects the orifice
impedance with grazing flow. The oscillations in non-dimensional scaled resistance and reactance are found to
increase when sharp edges are used compared to the normal 90� edge geometry. The strongest effect is seen for
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the sharp 27� edges. This observation is in fact quite peculiar. Since the vorticity which is shed from the
upstream edge plays a significant role in the interaction between sound and the grazing flow, one may expect
that the upstream edge would be of most influence.

7. Conclusion

The effect of grazing mean flow on the acoustical impedance of a rectangular orifice is investigated
experimentally. For this purpose an impedance tube set-up with an accurate multi-microphone technique,
using lock-in signal processing, is employed.

Measurements are done for slots with different width L in the flow direction, viz. 1 and 5 cm. Furthermore,
different boundary layer flows, both laminar, transitional and turbulent, are employed. In this context
boundary layer characterization as well as shear layer profile measurements are carried out. Care has been
taken as to remain in the regime of linear acoustic perturbations.

Both resistance and reactance due to the grazing flow display an oscillating behaviour as function of
Strouhal number on the orifice width. By using the phase velocity Uc of the hydrodynamic instability, these
oscillations are found at the same Strouhal numbers oL=Uc for all configurations. On basis of the shear layer
profile measurements, this convective velocity is calculated using data for the generalized hyperbolic-tangent
profile provided in literature.

The presence of hydrodynamic instability, for given profile dependent on the Strouhal number Sry ¼ oy=U0

based on the shear layer momentum thickness y and main flow velocity outside the boundary/shear layer U0,
seems to govern the presence of the oscillations in resistance and reactance. Above a critical Strouhal number
the hydrodynamic instability as well as the oscillations vanish. Consequently, the ratio of slot width to
momentum thickness determines the number of oscillations seen.

For boundary layers with similar shape the amplitude of the oscillations increases with decreasing boundary
layer thickness (for fixed aperture width). Furthermore, the onset of nonlinearity appears to be at lower
amplitudes within the regions of strong oscillations in impedance versus Strouhal number.

The influence of the edge geometry has been investigated for the 1 cm wide slot. The amplitudes of the
oscillations in resistance and reactance due to the grazing flow were observed to be larger for sharp edge
geometries. Especially, the form of the downstream edge—rather than the upstream edge, as one might
expect—is important.

These effects of the boundary layer profile and of the orifice edge geometry are not included in existing
theoretical models such as that for an infinitely thin shear layer proposed by Howe [15].
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