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An experimental method for determining the aeroacoustic properties of side branch

orifices allowing for any combination of grazing and bias flow is presented. The

geometry studied, a T-junction, is treated as an active acoustic three-port. The passive

properties, describing the reflection and transmission of an incident acoustic wave, are

vector. Expressions for the acoustic impedance under various mean flow and acoustic

incidence configurations are developed. In addition, methods for identifying regions

where the system can generate sound, by studying only the passive properties, are

discussed. A self-sustained oscillation is triggered at one of the identified regions by

coupling a resonant system to the three-port.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Side branch orifices are common elements in flow duct applications. The dimensions of the orifices, compared to the
main duct dimension, range from small (e.g., perforated plates used in liners and silencers) to large (e.g., in ventilation
networks, intake and exhaust systems, and pipelines).

The passive acoustic properties of the orifice are often described by the normalized acoustic impedance, Z ¼ rþ iw,
where r is the acoustic resistance and w is the acoustic reactance. The mean flow conditions in the duct influence these
properties significantly. Previous studies have mainly discussed the effect of grazing flow [1–8], which is relevant for
important applications such as perforated liners and side branch resonators. The general trend observed for grazing flow
alone is an increase in the resistance and a decrease in the reactance with mean flow. However, there are applications
where bias flow—that is, flow through the orifice—is important. Such applications include cross-flow perforated mufflers,
duct junctions, and liners designed for cross flow. The grazing and bias flows often are measured separately but combined
in a single empirical model (Elnady [9] gives an example and reviews earlier work). Sun et al. [10] investigated grazing/bias
flow interaction effects on perforated plates experimentally. Their results show that there is a difference between the
grazing–bias outflow and the grazing–bias inflow cases. However, as those results are applicable only to a few types of
perforated plate and for low Strouhal numbers, it is difficult to see a clear trend.

Attempts [11,6] have been made to describe the acoustic impedance of single orifices with analytical models. However,
Jing et al. [6] and Peat et al. [12] have shown that the correlation to measured data is generally unsatisfactory.
Alternatively, a number of empirical models are available, each tuned to a specific configuration. Unfortunately, as Lee and
Ih [7] show, the applicability of one model to other configurations is limited. Therefore a more detailed experimental
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investigation into the interaction between the hydrodynamic and acoustic fields occurring at an orifice, using new
approaches, is needed in order to create general models.

Another acoustic property worth investigating is the potential amplification and generation of sound by flow–acoustic
interaction when the acoustic field interacts with hydrodynamic instabilities in the shear layer formed over the orifice by
grazing mean flow [11]. Depending on the Strouhal number, energy can be transferred either to or from the acoustic field
by this interaction, amplifying or attenuating the incoming acoustic disturbance, respectively. Under certain conditions
[13,14], the amplification may lead to a self-sustained oscillation. This process, often denoted as a whistle, involves
shedding of discrete vortices at the leading edge, with the disturbance growing as it is convected downstream. The vortex
disturbance interacts with the acoustic field, adding energy to the acoustic oscillation. As shown by Hofmans [15], in a
numerical study of the aeroacoustic properties of a T-Junction, the interaction between the hydrodynamic and acoustic
fields is influenced by the incidence of the acoustic field.

This work describes an experimental method for determining the acoustic properties—both active and passive—of a
side branch orifice subject to grazing and bias flows (separately or simultaneously). The most common experimental
procedure in previous studies is the so-called in situ two-microphone method [16]. This measurement method is appealing
since the instrumentation is relatively limited, and it works over a wide frequency range. However, the method is sensitive
to near-field effects and, more importantly, does not allow the effects of bias flow to be studied. With an impedance tube
setup, as used in a modified form by Dickey and Selamet [5] and in a classic form by Sun et al. [10], bias flow can be studied,
but the frequency resolution of the measurements is limited by standing wave phenomena in the test rig. More recently,
inverse methods [17–20] have been developed for perforated liners, in which the measured attenuation of a propagating
wave over a given length of the specimen, often using the two-microphone wave decomposition technique, is used to
determine the impedance parameter of a numerical propagation model.

An alternative experimental method is presented here, where the main flow duct, with the attached side branch, is
treated as an active acoustic three-port. This method allows the orifice to be subjected to any combination of grazing and
bias flows, and also allows variation of the incidence of the acoustic field. In addition, the method can detect sound
generation. The geometry tested is a T-junction where the side branch is of the same diameter as the main duct. Results are
presented for both the passive and the active acoustic properties for various flow and acoustic field configurations.
Additionally, methods for studying the passive acoustic properties of the system, for identifying critical ranges of self-
sustained oscillations, are described. Although a discussion of the results follows, no empirical model for the impedance is
proposed, as the aim here is to describe a useful tool for determining the aeroacoustic properties of a system with grazing–
bias flow rather than to parameterize them.

2. Theory

2.1. The T-Junction as an active acoustic three-port

Any linear time-invariant N-port may be described by relating N input state variables of choice to N corresponding
output variables [21]. Using the scattering matrix form, with a vector representing uncorrelated sources in the system, the
active acoustic three-port may be defined as

x̂þ ¼ Sx̂�þ x̂
sþ
; (1)

where x̂ is the Fourier transform of the state variable of choice, the +/� directions are defined in Fig. 1, and the superscript
‘‘s’’ denotes source. The elements of the scattering matrix S represent the reflection and transmission coefficients of the
Fig. 1. Definition of coordinate system and acoustic centre (marked with X) for the studied T-junction. The orifice under study is the opening to the side

branch (Branch III).
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M. Karlsson, M. Åbom / Journal of Sound and Vibration 329 (2010) 1793–1808 1795
system, R and T, for the given state variable

S¼

RI TII;I TIII;I

TI;II RII TIII;II

TI;III TII;III RIII

2
64

3
75: (2)

Having determined the passive properties, one can proceed to the active part. Rewriting Eq. (1), the source vector is
obtained [22]:

x̂sþ
¼ ðE�SRÞðEþRÞ�1x̂ ¼ Cx̂; (3)

where E is the unit matrix and R is the reflection matrix characterizing the system terminations (obtained from the passive
measurements). An estimate for the source cross-spectrum matrix can now be obtained. However, with direct
measurements this matrix involves the autospectra at the reference sections in the three ducts, and autospectra are
sensitive to local turbulence at the microphone positions. To improve the result, two reference cross-sections are used to
represent each port, with the cross-sections sufficiently separated so that any local turbulence in the measured signals is
uncorrelated. The source cross-spectrum estimate then depends only on cross-spectra between fluctuating quantities. The
resulting equation is

Gs
¼ T�1

þ x̂
sþ
2 x̂

sþ�

1 ¼ T�1
þ C2GmC�1; (4)

where T is the transformation matrix for the source strength vector between the cross-sections, Gm is a 3�3 matrix
containing the measured cross-spectra, * is the Hermitian transpose, and the subscripts 1 and 2 denote the two reference
cross-sections. The diagonal elements of the resulting matrix, Gs, represent the autospectra of the source quantity at each
port. This procedure compensates for resonance effects in the test rig, and the results may be related to the generated noise
(outgoing waves with reflection-free terminations) at the three ports.

Eq. (1), which can be extended to the general case of an N-port system, represents a linear aeroacoustic model where
the source vector normally is considered independent of the acoustic field [21]. This is often a good assumption when this
type of model is applied to various fluid machines [22]. However, in applications with flow-generated sound, vortex–sound
interaction effects should be included. One way to do this is to assume that the part of the unsteady flow associated with
the acoustic source process can be modulated by the incident acoustic waves. In applying this idea, one postulates that the
source strength vector x̂

sþ
, in the general case, can be split into two parts, with one part corresponding to the modulation

by an incident acoustic field and the other part independent of the acoustic field. The most general linear time-invariant
model for the modulated part is given by x̂sþ

mod ¼ Smx̂�. Inserting this expression into Eq. (1) yields

x̂þ ¼ ðS0þSmÞx̂�þ x̂
sþ
0 ; (5)

where the original scattering matrix now is denoted S0 to emphasize that it represents the part independent of the source
coupling, and x̂

sþ
0 is the part of the source strength unmodified by the acoustic field. Hence, a linear modulation of the

source term simply adds to the scattering properties. This result implies that in an experimental characterization of an N-
port any information on vortex–sound interaction effects is included in the scattering matrix data, while the resulting
source vector is always independent of the incident acoustic field.

The interfaces of the three ports are easily transported along the ducts, since plane-wave propagation is assumed. Here
the three-port is actually reduced to a single point, marked with a bold X in Fig. 1. It is defined as the point on the axis of
the side branch extending a distance xIII;end into the main duct, corresponding to the end correction with zero mean flow. In
the case of a circular duct, as used here, this end correction consists of two parts (see, for example, Neederveen et al. [23] or
Dubos et al. [24]). One part is the inner end correction, and the other part compensates for the volume Vm resulting from
the joining of the ducts (see Fig. 1). The following approximate formulas can be used to calculate the end correction [23]:

xIII;end ¼ tiþtm; (6)

ti ¼ ð0:82�1:4d2
þ0:75d2:7

Þb; (7)

tm ¼
bd
8
ð1þ0:207d3

Þ; (8)

where xIII;end is the total end correction shown in Fig. 1, and ti and tm are the inner and matching end corrections,
respectively. d¼ b=a is the ratio of the inner radii of the side branch and the main duct.

2.2. Aeroacoustic properties of a side branch

A general definition of impedance is the ratio of a potential quantity to a flow quantity, where the product of the two
quantities represents power. The usual definition in acoustics is the ratio of the fluctuating pressure to the acoustic volume
velocity. However, this definition only complies with the requirement of providing a description of acoustic power in the
absence of mean flow. Alternative state variables, with the desired property that their product represent acoustic power in
the presence of mean flow [25], are the linearized forms of the fluctuating stagnation enthalpy, h0, and mass flow, m0, which
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yield the impedance Zh:

Zh ¼
h0

m0
; (9)

For a homentropic flow h0 ¼ ðp0=r0ÞþU0u0 and m0 ¼ ðr0u0 þr0U0ÞA, where p is pressure, r is density, U0 is the mean flow
velocity, u is the fluctuating velocity, A is the cross-sectional area of the duct, and the prime denotes an acoustic field
quantity.

Hence, the most compact choice for the state variable in the definition of the three-port is the fluctuating stagnation
enthalpy. However, here the scattering matrix is based on acoustic pressure, as that is the more common choice and the
actual entity measured, that is, the fluctuating stagnation enthalpy and mass flow are given in terms of a scattering matrix
based on the acoustic pressure. Then, the two variables in Eq. (9) can be rewritten as

h0 ¼
pþ0

r0

ðð1þMÞþRð1�MÞÞ; (10)

m0 ¼
pþ0 A

c0
ðð1þMÞ�Rð1�MÞÞ; (11)

where R is the acoustic pressure reflection coefficient. This leads to the following expression for the acoustic impedance in
a duct:

Zh ¼
c0

r0A

ð1þMÞþRð1�MÞ

ð1þMÞ�Rð1�MÞ
: (12)

With access to the full scattering matrix for the three-port, we can now study the orifice impedance for an incident wave
from any port and with any flow configuration. Assuming anechoic terminations in the two ports where the acoustic wave
is not incident, and using the definitions of the three-port in Fig. 1 and the scattering matrix in Eqs. (1) and (2), expressions
for the normalized junction impedance, Z ¼ Zh=ðc0=r0AIIIÞ, for plane waves incident from Branches I, II, or III, respectively,
are as follows:

Z I�III ¼
ð1þMIÞþRIð1�MIÞ

TI�IIIð17MIIIÞ
; (13)

Z II�III ¼
ð1�MIIÞþRIIð1þMIIÞ

TII�IIIð17MIIIÞ
; (14)

Z III ¼
ð17MIIIÞþRIIIð17MIIIÞ

ð17MIIIÞ�RIIIð17MIIIÞ
; (15)

where the plus and minus signs for the bias Mach number, MIII, represents inflow and outflow, respectively, in the Port III
case and outflow and inflow in the Port I and Port II cases. The sub index h no longer appears in the expressions, since it is
understood that the enthalpy formulation is used unless otherwise stated. Note that if the enthalpy scattering matrix had
been used, the expression would not contain the Mach number terms that compensate for the mean flow. They would be
included in the enthalpy scattering matrix elements instead.

For comparison, an impedance tube type measurement yields results seen from the side branch, which agrees with the
results in Eq. (15), while a two-microphone in situ technique or an inverse method resembles the formulations in Eqs. (13)
and (14). One advantage of the proposed test method is that it is not restricted to a specific definition.

At a side branch subjected to grazing flow, the well-known phenomenon of flow–acoustic coupling – which could lead
to self-sustained oscillations, or whistling – may occur. Hydrodynamic instabilities within the shear layer interact
continuously with the acoustic field in the side branch while being convected across the orifice. This interaction can be
constructive or destructive, depending on the Strouhal number, and can be estimated using the low Mach number
approximation for the time-averaged power proposed by Howe [11]:

/PS¼�r0

Z
V
/ðx� vÞ � u0SdV ; (16)

where x¼r � v is the vorticity vector, v is the total fluid velocity, u0 is the acoustic particle velocity, and V is the volume
enclosing the vorticity. If the time-averaged power is positive, sound is generated. Conversely, sound energy is lost to the
hydrodynamic field if the time-averaged power is negative. If the amplitude of the acoustic particle velocity relative to the
mean flow velocity is sufficiently small (in the order of 10�3), this process is linear [26,8] and the model proposed in Eq. (5)
holds—that is, information about the flow–acoustic interaction is included in the linear scattering matrix obtained from an
experiment. On the other hand, when the ratio of the acoustic particle velocity to the mean flow velocity is higher (in the
order of 10�1), the system may be nonlinear and the shear layer disturbances may tend to roll up into discrete vortices.

The hydrodynamic instabilities are convected downstream with a velocity Uc, resulting in a travel time from the
separation edge to the downstream edge of t¼ d=Uc , where d is a characteristic length of the orifice. Comparing this travel
time to the oscillation period, T, of the acoustic field, a type of mode number, n=d/(UcT), is obtained. For each mode number
n, a Strouhal range where self-sustained oscillations are possible may be calculated [11,27]. As shown by Hofmans [15],
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and discussed in Section 4, the actual configuration of the hydrodynamic and acoustic fields greatly influences the coupling
between them. To calculate the time-averaged acoustic power using Eq. (16), a model for the vortex distribution is
required. Using Bruggeman’s model [26] for the vorticity, the following expression for the limit values of the Strouhal
number where self-sustained oscillation may occur was derived by Meissner [27]:

Stþtan�1 1

St

� �
¼ 2np7 p

2
: (17)

With the present methodology, the Strouhal regions where the system amplifies or attenuates the incoming acoustic
disturbance can be found by forming a power balance over the three-port. The scattering matrix gives the relationships
between the travelling wave amplitudes in the ports. Thus, assuming reflection-free terminations in the two ports not
observed, the total relative power in the system when exciting from the third port is given by the sum of the acoustic
power reflected at the excited port and the acoustic power transmitted into the other two ports. The acoustic power is
given directly as the product of the fluctuating stagnation enthalpy and mass, but is here expressed in terms of the
scattering matrix elements based on acoustic pressure with the appropriate compensation term:

/PI
outS=/PI

inS¼
jRIj

2ð1�MIÞ
2AI

ð1þMIÞ
2AI

þ
jTI�IIj

2ð1þMIIÞ
2AII

ð1þMIÞ
2AI

þ
jTI�IIIj

2ð17MIIIÞ
2AIII

ð1þMIÞ
2AI

; (18)

/PII
outS=/PII

inS¼
jRIIj

2ð1�MIIÞ
2AII

ð1�MIIÞ
2AII

þ
jTII�Ij

2ð1�MIÞ
2AI

ð1�MIIÞ
2AII

þ
jTII�IIIj

2ð17MIIIÞ
2AIII

ð1�MIIÞ
2AII

; (19)

/PIII
outS=/PIII

inS¼
jRIIIj

2ð17MIIIÞ
2AIII

ð17MIIIÞ
2AIII

þ
jTIII�Ij

2ð1�MIÞ
2AI

ð17MIIIÞ
2AIII

þ
jTIII�IIj

2ð1þMIIÞ
2AII

ð17MIIIÞ
2AIII

; (20)

where Ai is the cross-sectional area of duct i, and the choice of sign in Branch III compensates for inflow or outflow. This
approach is very similar to the integration of the acoustic power over the vorticity region described by Eq. (16). However,
here the vorticity region is considered a black box with well defined ports in which the power can be determined. If there
are no losses, the three contributions in each equation should add to unity, while with viscous wall losses only, their total
should be close to unity. If the sum exceeds unity, more acoustic power is emitted from the system than is introduced, and
hence power is transferred from the flow field to the acoustic field. If the three cases are added, one gets an estimate of the
total power in the system; however, one should remember that the three cases are then considered uncorrelated.

Aurégan and Starobinski [28] suggested a similar approach which recently has been applied to predict whistling of
confined orifice plates by Testud et al. [29]. Choosing state variables a and b, related to each other by a scattering matrix Sp

such that /PincS¼ a�a and /PreflS¼ b�b, the time-averaged acoustic power output is

/PoutS¼ b�b�a�a¼ a�ðS�pSpÞa�a�a: (21)

This equation is positive for a system that generates sound. Now, as before, normalize the incident acoustic power to
unity—that is, set a�a¼ 1. Then the reflected acoustic power is given by the value of the first part of Eq. (21). This quadratic
form is symmetric and positive definite, and thus it can be transformed into a diagonal form:

b�b¼ a�ðS�PSPÞa¼
X

n

lnjan
0 j2; (22)

where ln are the real and positive eigenvalues of (S�PSP) and the vector a0 is given by a¼ Ta0. The transformation matrix T is
a unitary matrix where the columns represent the eigenvectors of the Hermitian matrix (S�PSP). Finally, inserting Eq. (22)
into Eq. (21), the maximum and minimum time-averaged acoustic power outputs are expressed as [28]

/PmaxS¼ lmax�1; (23)

/PminS¼ lmin�1: (24)

That is, an eigenvalue larger than unity indicates sound production. Note that these results include all possible excitations.
The actual relative excitation yielding a maximum or a minimum can be found by examining the corresponding
eigenvector.

Section 4 presents a comparison of the three methods for predicting whistling—the theoretical expression in Eq. (17)
and the measured results using either Eqs. (18)–(20) or the eigenvalue approach.

3. Experimental procedure

Fig. 2 shows a schematic of the test rig, in which all branches are cylindrical steel ducts of the same diameter,
d=0.057 m, and the same material thickness, 0.002 m. The geometry of the orifice edge has an influence [8,30,31]. Here,
well-defined sharp edges that were easy to implement were used. The mean flow velocity profile approaching the orifice
also influences the results [8]. It was assumed here that the approximately 60d duct length from the inlet to the side
branch provided a fully developed turbulent velocity profile.
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The quarter-wave resonator indicated in the sketch was only used for a restricted number of tests of the active
properties of the system. For most of the tests, the quarter-wave resonator was not attached and Branch III was a straight
duct like the two other branches. For the passive part of the measurements, it was preferred that no internal source be
present. In particular, it was important that the system did not form a fluid-driven whistle, since that is a nonlinear
phenomenon and the basis of the experimental procedure was to determine a linear aeroacoustic model. Hence, strong
sound reflections were avoided and the excitation from the loudspeakers was kept to a moderate level. A study of the
linearity of the system was performed and is presented in the results section.

The forward and backward travelling waves were determined by the two-microphone wave decomposition technique
[32] using external sources [33]. The effect of uncorrelated disturbances, such as local turbulence, was minimized by using
the transfer functions between the input voltage to the loudspeakers and the microphone signals, rather than using the
microphone signals alone [34]. To cover the entire frequency range, two microphone separation distances were required,
and therefore three microphones were used at each port. Sufficient excitation over the entire frequency range of interest
was provided by an array of loudspeakers at each port. The separation distance between the loudspeakers in each array
varied so as to avoid any wave interaction problems. The mean flow was provided by a pressurized anechoic stagnation
chamber. The gas entered the test rig through either Branch I or Branch III, or through both simultaneously, thus permitting
all combinations of the grazing–bias flow required. A flow leaving the main duct and entering the side branch is denoted
bias outflow, while a flow entering the main duct from the side branch is denoted bias inflow. The actual relative mass flow
in the ducts was regulated by valves at the ends of the ducts representing the ports. High performance resistive silencers
were used at each port to reduce system reflections, thus minimizing the risk of whistling. The silencers also reduced flow
noise generated by the flow regulating valves. The flow was monitored with Prandtl tubes in Branch I and Branch II. The gas
temperature, T, was kept constant at approximately 20 1C during the experiments.

Bruel and Kjaer Type 4938 microphones and Nexus conditioning amplifiers were used with an HP VXI data acquisition
system (an E1421B Mainframe with an E1432A data acquisition card). An E1432A source card was used to generate the
excitation signal, which was then amplified with an NAD Model 319 stereo amplifier. For the passive data, swept sine
excitation was used, with the number of averages taken continuously updated with respect to the signal to noise ratio. For
the active data 4000 time samples were recorded. The frequency range was 50–2000 Hz, covering most of the plane-wave
range. The digital frequency increment was 6.25 Hz.
4. Results

Initially a test with zero mean flow was performed. As discussed in the theory section, the position to which the three-
port was reduced could now be determined. These results are also used to normalize the results with mean flow. That is,
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results with mean flow are presented as the deviation from the zero mean flow case:

rf ¼ ReðZÞ�ReðZU ¼ 0Þ; (25)

wf ¼ ImðZ Þ�ImðZU ¼ 0Þ: (26)

The difference in acoustic impedance with and without mean flow can be considered, under certain conditions, to be an
indication of sound generation/attenuation [35]. In most previous work [8], the acoustic measurements were made in a
duct with zero mean flow. This is in line with Lighthill’s assumption of a stagnant uniform field between the source region
and the observer. Here, mean flow is present in most of the configurations, making the interpretations less obvious. To
confirm that sound is attenuated or dissipated one must apply the power balance procedure.

The Strouhal number, St¼ fdeff=Uc , shown in the presentation of results is based on the convection velocity of vorticity,
Uc, across the orifice and the effective length of the orifice [26], deff ¼ pd=4. The actual correction factor, Uc/U0, was chosen
to give the best collapse of the data and is here 0.45. This agrees with results seen for other, similar, setups [26,36].

4.1. Acoustic impedance

The number of possible configurations of the mean flow and acoustic incidence is extensive; only a few illustrative
examples were used in this study. Initially the results with zero mean flow are presented. Fig. 3 shows the influence on the
reactance by the correction of the geometrical length of the side branch according to Eq. (6). For this case the actual end
correction was 9.1 mm. Including the end correction, the reactance tends toward zero up to a Helmholtz number (He¼ k0d)
of unity, after which it begins to deviate.

Fig. 4 shows the resistance and reactance for the three different impedance formulations in Eqs. (13)–(15). Note that
with zero mean flow these formulations are identical to the ones obtained with the standard impedance formulation in
terms of acoustic pressure over volume velocity. For the reactance, the results for the three formulations coincide well,
indicating that the three-port is reduced to the correct position. The resistance tends toward the expected value in the low
frequency limit but begins to deviate when the system can no longer be seen as acoustically compact ðHe51Þ. With
increasing Helmholtz number the system favours transmission from the side branch into the main duct rather than the
opposite. Similar trends were observed by Parrondo et al. [37].

The linearity of the system was tested by varying the amplitude of the acoustic perturbation at a constant grazing mean
flow Mach number. The grazing flow case was chosen for comparison with previous work by Kooijman et al. [8]. The
response at the lowest excitation amplitude was chosen as the reference, and the results are presented as deviations from
this reference case as the acoustic amplitude increases. Kooijman et al. [8] showed that the excitation level where the
system becomes nonlinear varies with the characteristics of the system at a given frequency. In the interactive regions,
with strong flow–acoustic coupling, the excitation level needed for the system to become nonlinear is lower than at points
with low flow–acoustic interaction. Hence two different frequencies were tested, one corresponding to a Strouhal number
of unity (150 Hz) and the other a higher frequency (600 Hz) where the flow–acoustic interaction is less pronounced. The
results are presented in Fig. 5. At the excitation levels achievable with the present equipment, the response is linear at both
frequencies tested. Up to the highest amplitude, where the ratio of the acoustic to mean flow velocity is in the order of
10�2, the deviations are small and do not tend to grow. In the study by Kooijman, by comparison, nonlinear response was
seen at a lower relative amplitude—in the order of 10�3 for the interactive flow–acoustic regions. Similar results as for the
resistance were seen for the reactance, and also at other frequency points tested. In Fig. 6, the ratio of the acoustic to mean
flow velocity is shown for the entire Strouhal number range used in later figures. Over the entire range, the ratio of the
acoustic to mean flow velocity is within the linear range. For reference, the critical relative amplitudes proposed in the
works by Bruggeman et al. [26] and Kooijman et al. [8] are shown.
Fig. 3. Reactance with and without end correction according to Eq. (6).
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Fig. 4. Resistance and reactance for all three impedance formulations with no mean flow. ar is the area ratio between the side branch and the main duct:

AIII/(AI+AII).

Fig. 5. Relative change of the resistance, Re(Z III) when varying the amplitude of the acoustic perturbation at the orifice at a constant mean grazing Mach

number of 0.05.

Fig. 6. Ratio of the acoustic to mean flow velocity at the orifice for typical test cases. The Mach number relates to grazing flow as presented in Fig. 7.

M. Karlsson, M. Åbom / Journal of Sound and Vibration 329 (2010) 1793–18081800
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The influence of grazing flow alone on acoustic impedance is a well-researched area. However, most studies concentrate
on orifices of small dimension compared to the main duct dimension. Here the relative orifice diameter is considerably
greater, being equal to the diameter of the main duct. As will be shown, this has the advantage that a broader range of
phenomena can be studied. Fig. 7 shows the orifice resistance normalized with the Mach number and the reactance
normalized with the Helmholtz number for different grazing mean flow velocities. The normalization is chosen to stress
the low Strouhal number behaviour. The data collapse well with Strouhal number. The Strouhal number ranges where the
resistance is negative are centred at integer multiples of the Strouhal number, indicating flow–acoustic interaction. The
change in sign of the reactance coincides with the extreme values of the resistance, as expected for a resonant system.
Below the first hydrodynamic mode (approximately Sto0.6), both the normalized resistance and the normalized reactance
tend toward the quasi-steady response. This response is usually interpreted as a pressure loss coefficient and end
correction, respectively. Most previous work has focused on this range. With an orifice of smaller diameter than used here,
the first hydrodynamic mode would be found at a correspondingly higher frequency.

The results in Fig. 7 are calculated using Eq. (15) – that is, the impedance seen from the side branch (Branch III). In Fig. 8
that formulation is compared to the results using the alternative formulations presented in Eqs. (13)–(14) – that is, the
impedance with the incident acoustic wave coming from the up- and downstream ports and entering the side branch.
The behaviour with excitation from the upstream port is similar to that seen previously: the oscillating behaviour of the
resistance is maintained and is of a similar magnitude, and the reactance displays the same variations as before, but with a
lower magnitude. More interestingly, the resistance and reactance seen from the downstream side differ significantly from
that observed in the other two cases. The oscillating behaviour is not present, and the results do not deviate significantly
from the zero mean flow case. A slight increase is seen in the reactance with increasing Strouhal number. Finally, the
Fig. 7. Resistance and reactance with varying grazing mean flow Mach number, Z III .

Fig. 8. Resistance and reactance as given by Eqs. (13)–(15) and with the impedance Z I2III formulated also as p/q at M=0.1.
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impedance Zp;I�III is plotted using the more common formulation of the acoustic pressure over volume velocity. The main
characteristics are similar—the same scattering matrix elements are involved in the calculation—but there is a significant
shift of the entire curve due to the omission of the compensation for mean flow. Given this last result, one would expect a
large Strouhal number region where sound amplification could occur. It is clear that, depending on the choice of
measurement method and impedance formulation, the estimated values for the acoustic impedance at a given frequency
may differ significantly. This difference may explain some of the difficulties encountered when comparing previous
authors’ results.

As with grazing flow, the incidence of the acoustic waves influences the response of the orifice in the case of bias flow.
Generally, the change with flow is less pronounced than with grazing flow; the resistance increases with the Mach number
but the reactance is more or less unaffected except at small Strouhal numbers. In Fig. 9(a and b), the resistance for bias
inflow and outflow, respectively, is seen at a bias Mach number of 0.05. For bias inflow, a region with negative resistance is
centred around St=0.5 when the acoustic incidence is from Port I. However, forming a power balance according to Eq. (18)
it is found that this indicates a redistribution of the relative power in the system, rather than a generation of sound. The
response seen from the side branch (Z III) is rather similar in the inflow and the outflow cases, but the response experienced
from the upstream and downstream sides differs significantly. In Fig. 10 the reactance—expressed as an end correction—is
given for the bias inflow case with the impedance seen from the side branch (Z III). With a decreasing Strouhal number the
relative end correction goes from the value with zero mean flow to a new level, where it stabilizes. This agrees with the
results presented for an unconfined thick-walled (flanged) tube given by Peters et al. [38] and for a 901 sharp bend by
Dequand et al. [39].

The influence of grazing–bias flow interaction on the acoustic impedance seen from the side branch, Z III, is presented in
Figs. 11 and 12. The results are for a grazing flow with a mean velocity corresponding to M=0.1 approaching the side
branch. A partial stream was then either bled off to the side branch (outflow, Fig. 11) or introduced into the main duct from
the side branch (inflow, Fig. 12). There is a substantial difference between the inflow and outflow cases. The outflow case is
Fig. 9. Resistance with bias flow: (a) bias in M=0.05 and (b) bias out M=0.05. N.B. The Strouhal number is here defined as St¼ fd=U.

Fig. 10. End correction for bias in-flow and the impedance formulated according to Eq. (15). The Strouhal number is here defined as St¼ fd=U.
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Fig. 11. Grazing–bias flow (out) interaction. MG=0.1, varying bias mean flow velocity, Z III .

Fig. 12. Grazing–bias flow (in) interaction. MG=0.1, varying bias mean flow velocity, Z III .
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dominated by the behaviour seen for bias flow only. Even at the lowest bias Mach number, the oscillating behaviour
produced by the grazing flow is completely cancelled. As for the bias outflow case, the resistance increases with increasing
bias flow velocity, while the influence on the reactance is negligible.

In contrast, the grazing–bias inflow case shows a more interactive behaviour. With increasing bias flow velocity, the
oscillating behaviour given by the grazing flow is gradually reduced but is still visible even at the highest bias flow rate.
The peaks and troughs shift in Strouhal number with increasing bias inflow. The shift is significant initially but is less
pronounced at higher flow rates. The Strouhal number used here is based on the convection velocity for grazing flow only
and the effective diameter of the hole. Both the convection velocity and the effective length where the hydrodynamic and
acoustic field can interact changes when adding bias flow and can contribute to the observed shift. A more detailed study
of the flow field is required to explain this phenomenon.
4.2. Whistling potentiality

Regions where self-sustained oscillation can potentially be triggered in the system are shown in Fig. 13(a–c), where the
three ports are studied individually. The total acoustic power out, as well as the acoustic power of the individual
components, is calculated from the scattering matrix according to Eqs. (18)–(20). All results are for a test case with a
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Fig. 13. Conservation of acoustic power over the three-port at Mgrazing=0.15: (a) Port I, (b) Port II, and (c) Port III. The dashed vertical lines correspond to

the upper and lower limits for the hydrodynamic modes predicted by Meissner [27].
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grazing mean flow Mach number of 0.15. When exciting the three-port from Port III (Fig. 13c), the orifice is subjected to a
uniform (plane-wave) time varying pressure. This is consistent with, for example, Meissner’s [27] assumption. It is seen
that distinct regions centred around integer multiples of the Strouhal number are formed where the system amplifies the
incoming acoustic perturbation. This result is expected given the results for the resistance (see Fig. 7). The width of the
regions agrees well with Meissner’s results: the upper and lower Strouhal numbers for each mode predicted by Eq. (17)
coincide with the experimental results. In studying the individual components, it is seen that the reflection and the
transmission from the side branch to the downstream port are at maxima here. The transmission to the upstream port
displays a maximum at a higher Strouhal number, approximately 1.3.

When the system is excited from Port I (Fig. 13a), a more interactive behaviour is observed. Again, the interaction with
the side branch is seen at integer multiples of the Strouhal number. However, the maximum total acoustic power out is not
observed in this region, but rather where the acoustic impedance of the side branch is high (St=1.2–1.3). The main
contributor to this behaviour is an increased transmission to the downstream duct. This is information that is not obtained
when studying only the acoustic impedance of the orifice. When the system is excited from Port II (Fig. 13b), the response
is weaker. This was expected from the results for the resistance presented in Fig. 8. For this case, the acoustic field does not
interact with the flow field as in the two other cases. Although the strong oscillating behaviour is lost, some response is
seen at the same Strouhal number regions as in the Port I case.

The rather different results for the three ports are explained by the interaction of the grazing flow with the incident
sound field. The modulation of the shear layer is triggered by the acoustic perturbation at the leading edge; this occurs in
the Port I and Port III cases but not in the Port II case, where the incident travelling wave moves in the opposite direction of
the flow and approaches the trailing edge. In the Port III case, the Strouhal numbers where the acoustic field interacts with
the hydrodynamic instabilities coincide with the dominant contributions to the total power emitted. In the Port I case, the
greatest contribution is at the Strouhal numbers where the side branch is blocked. Hofmans [15] studied a similar setup,
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where the test object was a 2-D T-junction with a side branch of the same diameter as the main duct, and showed results
for the grazing and bias (in and out) flow cases individually. For each flow case, the direction of incidence of the acoustic
field also varied. As in this work, it was found that the shear layer was modulated by incident sound waves from both Ports
I and III, and that the response differed between the cases. Unfortunately, there was no result for the Port II case for
comparison.

Aurégan and Starobinski’s [28] approach, Eqs. (23) and (24), is compared to the result for the total acoustical power
emitted, arrived at by summation of Eqs. (18)–(20) and dividing by three, in Fig. 14. The eigenvalue approach yields the
maximum and minimum values produced by any combination of excitations, while the summation of Eqs. (18)–(20) gives
an approximation of the power from three uncorrelated cases. Hence, as expected, the summation of Eqs. (18)–(20) yields a
value between the maximum and minimum, but it does predict the Strouhal number where flow–acoustic interaction
occurs.
4.3. Whistling

One way to validate the three-port data is to change the acoustic load for a given flow case and then predict the acoustic
response [21,22]. If the source data are correct and the T-junction can be represented as a linear time-invariant system, this
should be a valid procedure. However, as discussed previously, conditions exist where the T-junction amplifies incoming
sound waves to the point that the sound becomes nonlinear. To realize such a situation, a strong reflection is needed. This
can be provided in Branch III, for instance, by adding a quarter-wave resonator. Such a resonator was designed and tuned
against the second hydrodynamic mode—that is, for a Strouhal number of 2. For this setup, this corresponds to a frequency
of approximately 1 kHz. The resonator setup is shown in Fig. 2, consisting of a quarter-wave resonator of length 0.085 m
attached to Branch III at half-a-wavelength (0.17 m) into the duct from the orifice. The quarter-wave resonator is of the
same diameter as the duct it is attached to—that is, d=0.057 m. At the resonance frequencies, where the input impedance
of the resonator is small, a pressure minimum (velocity maximum) occurs at the resonator. Next, for maximum feedback
effect (maximum velocity) in the vortex generation mechanism at the T-junction, the resonator is positioned at a multiple
of half-a-wavelength into the side branch.

The source data were measured for this case and moved to the T-junction, this time taking the effect of the resonator in
Branch III into account. If the modified system (the T-junction with a resonator at Branch III) is still a linear time-invariant
system, the source data should be unchanged. Note that there is no flow in Branch III for the selected test case, and thus
there is no sound generation from the resonator opening. The source data from the diagonal elements of the source cross-
spectrum matrix, Eq. (4), with and without the resonator, are presented in Fig. 15. As the figure shows, the source data are
almost identical except around a Strouhal number of two. The deviation means that in this Strouhal number region the
three-port model is no longer valid. Thus, based on the previous discussion, the conclusion is that a fluid-driven whistle has
Fig. 14. Sound generation potentiality as identified by the power balance given by the sum of Eqs. (18)–(20) divided by three and the eigenvalue

approach of Aurégan and Starobinski [28].
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Fig. 15. Active results at each port with and without resonator at M=0.15.
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been created. It is also apparent that in Branch III the resonator also produces a broadband effect—that is, it reduces the
source strength by a few dB in a wide range around St=2.
5. Conclusions

A new method for making detailed investigations of the acoustic impedance of orifices is proposed. The method allows
for any combination of grazing–bias flow. Also, the direction of incidence of the acoustic field may be varied. To the
authors’ knowledge, no other experimental study examines all the flow and acoustic field configurations studied in this
work. The acoustic impedance was studied using a formulation based on the fluctuating stagnation enthalpy and mass,
rather than the standard formulation involving the acoustic pressure and volume velocity. This study shows that the choice
of measurement strategy, as well as the impedance formulation, greatly influences the results. This is one explanation for
the large discrepancies in previous authors’ results.

This study shows that, if the process is linear, information about source modulation (e.g., flow–acoustic interaction
effects) is included in the scattering matrix obtained from the experiments. Thus passive data can be used to investigate
the possible amplification of sound. By forming a power balance over the three-port system, the potential whistling regions
are identified. The approach used in this work provides results in good agreement with the eigenvalue approach of Aurégan
and Starobinski [28].

The acoustic impedance of the orifice varies significantly with different configurations of the hydrodynamic and
acoustic fields. The interaction of the two fields is generally strongest when the acoustic field is incident from the side
branch (Branch III) or from the upstream duct, while the response is much weaker with excitation from the downstream
duct. With grazing flow, alternating Strouhal number regions of positive and negative resistance are found, and the
positions of the maxima and the minima are dictated by the interaction of the acoustic and flow fields. The data collapse
well using a Strouhal number based on the convection speed of vorticity across the orifice. Below the first hydrodynamic
mode the response of the orifice can be estimated by a quasi-steady approach. The resistance is given by a coefficient times
the Mach number, and the reactance is well described by a simple end correction. The effect of bias flow alone was studied
for both inflow and outflow. In both cases, the influence on the reactance was negligible except for very low Strouhal
numbers, and the resistance increased slightly with increasing Mach number. The grazing–bias flow interaction effect is
different for the inflow and outflow cases. With grazing–bias inflow, the oscillating behaviour produced by the grazing flow
is gradually reduced with increasing bias flow but is still present even at the highest bias flow rate. In the outflow case, the
oscillating behaviour is lost, even at small bias flows, and the response is dictated by the bias flow. The results are
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explained by the flow configurations: in the former case, the bias flow does not interfere with the leading edge, the one
vital condition for triggering flow–acoustic coupling.

The T-junction is most prone to whistling when the acoustic field is incident from the side branch. The potential
whistling regions are then clearly defined and correspond well with analytical models. If the system is excited from the
upstream duct, a more interactive behaviour is observed. The maximum total power emitted from the three-port is then
actually seen at the blocking Strouhal number, with the major contributor to this behaviour the increased transmission
downstream. With excitation from the downstream side, the shear layer is not sufficiently triggered. The amplifying and
blocking Strouhal number regions for the side branch are observable, but they are weak. To confirm that the system
actually whistles at the identified regions, a resonator was designed. When the resonator was introduced, the linear three-
port model broke down at the resonance frequency (as it should, as that model assumes a linear system), and a distinct
tone radiated down the three ducts.

The method described in this study has proved stable and has produced results with excellent repeatability. The results
provide a fundamental understanding of the phenomena involved, and the method is useful as an engineering tool for
anyone involved in the design of flow-duct networks.
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