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A major discussion in the scientific community is the effect of the acoustic propagation
direction being relative to the mean flow direction on the acoustic boundary condition posed
by perforated liners. The reason being that the results from liner-impedance-eduction
measurements show acoustic propagation upstream or downstream to the flow direction
giving different resulting acoustical impedances. This paper contributes to this continuing
effort to gain confidence in results obtained under different acoustical excitation and flow
configurations. Instead of a traditional two-port configuration, by placing a perforate sample
in a T-junction, this paper presents a three-port measurement technique. The transfer
impedance of the perforate is determined under grazing as well as under normal incidence.
Moreover, to study the effect of acoustic incidence relative to the flow directions, transfer
impedance is also determined under the presence of grazing flow. A comparison of the
measurement results with existing analytical and semi empirical models is also presented. An
attempt to determine the nature of the transfer impedance under normal acoustic incidence is
carried out and an analogous behavior between an empty T-junction and the perforated
sample is proposed.

I. Introduction

Perforates are used for noise control of aircraft engines as well as for other vehicles and machines. Their properties
and noise reduction are known to depend on the mean flow field and other external parameters such as temperature
and acoustic excitation level. Many test techniques for determining liner impedance under grazing flow conditions
have therefore been developed [1-13]. There are many test rigs around the world and a number of different techniques
for extracting the liner impedance from measurements have been developed. The dominating techniques, at least in
terms of numbers of publications, are the so-called inverse impedance eduction techniques [1-10]. In order to gain
confidence in the results, which may depend on both the test rig used and on the impedance education method, some
comparative studies have been initiated [1, 4, 5, 8]. The in-situ impedance measurement technique [11], in which the
liner is instrumented, has also been successfully applied to measure the liner impedance [12]. To study only the
impedance of the perforated top sheet, methods using an impedance tube located in a side branch [14, 15] have also
been used.

In this study, a three-port method similar to that proposed in Refs. [16, 17] is used to study the effect on perforate
acoustic properties for different combinations of flow direction and acoustic excitation. Similar to the in-situ
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impedance measurement technique and the side branch method, the disparities related to the Ingard-Myers boundary
condition [18] are not applicable while discussing the results of the three-port method, as the boundary condition is
not used for determination of the sound field in the main duct.

Acoustic properties of the sample studied here are the real part of the normalized transfer impedance, i.e., the
resistance (R), and the three-port scattering matrix (S-Matrix). These properties are determined with and without the
presence of grazing flow. A validation of the three-port results in the absence of flow by comparing with an existing
model [19] and the experimental results from impedance tube measurements [20], is presented. In the presence of
grazing flow, the behavior of the calculated resistance values are compared with existing semi-empirical models [21,
22]. Moreover, similar to Ref. [17], experiments to determine the properties of an empty T-junction (test setup in the
absence of a perforated sample) are also presented. This is done to determine the transfer impedance of the perforate
and provide a possible explanation for the behavior of the perforate resistance in the presence of grazing flow.

Il. Experimental Technique

A. The three-port technique

The test setup for the three-port technique can be described as an impedance tube placed in a side branch, and is
inspired by studies [11, 14] which have used this type of configuration to investigate the effect of grazing flow on the
impedance of perforates. The three-port measurement uses a test rig according to Figure 1, where the ducts 1, 2, and
3 intersect and form a T-junction. A perforate sample was placed covering the opening of duct 3 at the intersection of
ducts 1 and 2. The end of the duct 3 was sealed to avoid leakage of grazing flow. The acoustic pressure in all three
ducts was determined using the multi-microphone method [17]. Plane wave propagation over the perforated plate was
assumed given that the comparison between the calculated results using the measured pressure signal and decomposed
wave amplitudes at position P,, showed good agreement. Hence, it was assumed that the total acoustic pressure at

point Pg is given by P, = (P + PZ)/Z , Where P; and P, are the total acoustic pressures at that point determined using
wave decomposition in ducts 1 and 2, respectively.
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Figure 1 Schematic of the experimental setup

Using the decomposed wave pressure amplitudes, the scattering matrix (S-Matrix) of the three-port is defined as
per the Eq. (1) [16]:

Py P11 T2o1 Tzo1y[Pi-
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where P, describes the decomposed wave pressure amplitudes in duct x. The direction ' + ' is taken outwards, and
" — "is taken inwards as shown in Figure 1. p and  stand for the reflection and transmission coefficients, respectively,
and the subscripts represent the respective duct. To study the properties of the sample placed in the T-junction, the
origin point of the acoustical three-port must be determined. In Refs. [16, 17] the origin point is defined for an empty
T-junction by studying the phase angle of transmission coefficients in absence of external flow. The geometric origin
of the three-port is shifted and the alteration &, as shown in Figure 1Figure 1, is calculated using Eq. (2) [17].
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where i, j represent the three ducts, &; ; are the added alterations for the respective ducts and A8 (z;; ;;) is the deviation
of the phase angle of the transmission coefficients from zero. In the case when the sample is placed in the T-Junction,
a modification of this method is proposed in Ref. [20]. The value of § is then calculated by comparing the transmission
coefficients of duct 3 with the results from an impedance tube. As the sample, when viewed from duct 3, is placed in
the same way as it is placed in an impedance tube, the phase angle of the transmission coefficients in both cases should
be equal. Thus A8(z;; ;) in Eq. (2) is now changed to represent the difference in the phase angle when the sample is
placed in the impedance tube and when it is placed in the T-Junction. For the perforate sample used, the values of
&4, 04, and 85 were calculated to be 15.95, 14.95 and 8.35 mm, respectively.

B. Determination of the Transfer Impedance

The normalized transfer impedance (Z) of the test sample was calculated to study the acoustic properties of the
sample under excitation from all three ducts, respectively. The normalization was done with respect to the
characteristic impedance of air.

In the case of plane wave excitation, given that the sample is acoustically compact, it can be assumed that the
normalized particle velocity (u) is equal on both the sides of the sample. The normalized transfer impedance Z can
then be determined by taking the ratio of the pressure difference across the perforate and the acoustic particle velocity
u at the sample surface, as shown in Eqg. (3).
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where P; is the total acoustic pressure determined at §5 distance from the perforate.

Acoustic reflection from the terminations creates standing wave patterns in all the ducts, leading to the creation of
nodes at the T-junction at certain frequencies. The transfer impedance calculated using Eq. (3) is dependent on the
pressure at point Py, and the presence of nodes in the vicinity of P, lead to measurement errors [23]. The S-Matrix of
the three-port describes the properties of the sample properties, independent of any termination reflections. Hence Eq.
(3) can be modified to calculate Z without the influence of termination and incorporate the S-Matrix coefficients as
shown in Egs. (4) to (6).

1) Considering non-reflecting terminations, in case of excitation from duct 1, we can say that P;_ = P,_ = 0.
Applying it to Eq. (3) and using Eq. (1), we get:
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2) Similarly, under excitation from duct 2, we can say P;_ = P,_ = 0, and transform Eq. (3) into:
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3) Lastly, for excitation from duct 3, we assume P;_ = P,_ = 0, converting Eq. (3) into:
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It should be noted that under the assumption of no absorption by the sample, Egs. (4) to (6) can be further simplified
and theoretically give the same results.

The transfer impedance of the perforate can also be determined by calculating Eq. (3) with and without the
perforate present in the T-Junction. Theoretically in the absence of flow, the value of Z should be zero for an empty
T-Junction. Experimentally, marginal errors in the range of ~2% were observed when comparing the calculated
transfer impedance by Eq. (3) and the above-mentioned method.

As discussed in Ref. [20], an analytical model proposed by Guess [19] shows good agreement with the
experimentally determined resistance of the sample in absence of external flow. The proposed model follows Eq. (7).

V8vwt'
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where R is the resistance (real part of Z), v is the kinematic viscosity,  the angular frequency, d is the diameter of
perforation, o is the porosity, c is the speed of sound, Cp, is the discharge coefficient and t is the thickness of the
sample. The variable t’ is the corrected length proposed and taken as the sum of t and d [19].

In the presence of grazing flow, some semi-empirical models [14, 21, 24, 25] suggest a relationship between the
normalized resistance, the skin friction velocity (u.), and the frequency (f). The model proposed by Kooi and Sarin
[21] was used in this study as a reference, following Eqg. (8).

o ) (9.9u, — 3.2fd), ©)
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where Ry, 10w 1S the calculated resistance in absence of external flow as per Ref. [21].
For the case of a fully developed flow boundary layer, several models are proposed where the perforate resistance
is described as a function of the mean Mach number (M) and the porosity (o) [19, 22, 26]. The model proposed by
Rao and Munjal [26] was considered in this study, following Eq. (9).

R = 0.53M. (9)

g

In Ref. [10], results obtained using a number of different impedance eduction methods and test rigs were discussed.
It was demonstrated that different transfer impedance values are obtained for upstream and downstream acoustic
excitation measured for different liner samples and in different test rigs. In general, the resistance under upstream
excitation shows an almost frequency-independent behavior, agreeing with the model proposed in Eq. (9). In the case
of downstream excitation, a clear frequency-dependent behavior can be noted, with an almost constant decrease of the
resistance with frequency, as seen in Eq. (8). Overall, the data sets show a clear difference between educed liner
resistance for upstream and downstream conditions.

C. The Flow Profile

To determine the transfer impedance under the effect of grazing flow, characteristics of the flow profile in ducts 1
and 2 were determined. Flow speeds were controlled to give bulk velocities of Mach No. = 0.05, 0.1, 0.14, and 0.19.
Measurement of the in-duct flow profile was carried out using a pitot tube of 0.5 mm inner diameter. The flow velocity
profile across ducts 1 and 2 was measured to determine the profile at three different positions vis-a-vis the sample,
namely 55 mm upstream, at the center, and 55 mm downstream. Deviations of <2% were observed between the
measured velocity profiles at the three different positions. This suggests that the flow profile was not significantly
affected by the presence of the sample. The bulk flow velocity (u;,,;,) as well as the skin-friction velocity (u,) was
determined using Eq. (10) [27]. Moreover, the displacement thickness (§*) and the momentum thickness (8) of the
profile were determined using the Eq. (11) [28].
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where H is the duct width, x is the distance from the smooth boundary wall, and Re,, is the Reynolds number.



The test sample under consideration is a square-edged perforate with a hole diameter and plate thickness of 1.2mm.
The sample is 25 mm long in the axial direction of duct 1 and 2, 120 mm wide, and has a porosity of 2.5%. The cross
section of all the three ducts is also 25 mm by 120 mm. All the measurements were performed at room temperature
with deviation in the speed of sound <0.1%. The frequency range of the measurements was 300-1500 Hz. The wave
numbers considered for plane wave decompaosition were calculated using a model proposed by Dokumaci [29]. NI
9234 modules were used for data acquisition at a sampling frequency of 25.6 kHz. Stepped sine excitation was used
as input and reference signal. The upper limit of the incident sound pressure level was set to 120 dB to have a minimal
effect of non-linearities. The frequency response function (FRF) between the measured pressure signal and the
reference signal was used for the entire analysis to reduce measurement errors due to external noise. Moreover, a
relative calibration of the microphones was performed to remove bias errors in the data acquisition system. A signal-
to-noise ratio of >40 dB was maintained during measurements conducted in the presence of grazing flow.

I11. Results

A. Three port results for the no flow case

The magnitude of the S-Matrix coefficients are shown in Figure 2-Figure 2a. A clear symmetry in ducts 1 and 2
can be seen. Moreover, with an increase in frequency, an increase in the reflection and subsequently a decrease in the
transmission from duct 3 is observed. As per Egs. (4) to (6), this suggests an increase in resistive behavior of the
sample with an increase in frequency.
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Figure 2 a) Magnitude of the reflection and transmission coefficients; b) Comparison between calculated
normalized resistance, solid lines: with &y from Eq. (2), dashed lines: with &; ;= 0; ¢) Comparison
between normalized resistance calculated using Eqg. (3), solid lines: pressure at P, is determined using
microphone signal, Dash-dot lines: pressure at P, is determined as average of P, and P,, dotted lines:
Difference of the calculated R with and without the perforate in the T-junction; d) Comparison between
calculated normalized resistance and models [19, 20], solid lines: calculated using Eq. (3), circles: calculated
using Egs. (4) to (6).



Figure 2-b portrays the effect of shifting the origin of the three-port, by 6, , 3, on the real part of the normalized
transfer impedance of the perforate i.e., R. R is determined under excitation from all three ducts to give R,, R,, and
R, respectively. In absence of these added alterations, calculated as per Eq. (2), a clear difference in the behavior of
the resistance curves under excitation from different directions is observed. Moreover, in case of excitations from
ducts 1 and 2, the resistance appears to be negative for frequencies >1100 Hz, suggesting incorrect results without the
addition of the calculated alterations.

As mentioned in Section I1-A, to validate the accuracy of the plane wave decomposition over the perforated section
a comparison of resistance is done, as shown in Figure 2 Figure 2-c. Calculation of R is done using Eq. (3), where in
one case the value of total acoustic pressure at P, is measured using a microphone, and in the other case it is taken as
the average of the decomposed wave amplitudes in duct 1 and 2, which are evaluated at P,. Moreover, determination
of R is also done by taking the difference of calculated resistance with and without the perforate present in the T-
junction. The resistance calculated using all the above-mentioned three methods exhibit good agreement. Given the
small deviation over the frequency range, plane wave decomposition can be used for the determination of the sound
field in the perforated section. The large deviations observed in the resistance curves, e.g., at = 520, 1150 Hz can be
attributed to the experimental errors caused due to standing wave patterns in the duct.

A comparison between the normalized resistance calculated using Egs. (3) to (6) is shown in Figure 2Figure 2-d.
It should be noted that for frequencies >1100 Hz, the resistance values calculated by Eq. (3) under excitation from
ducts 1 and 2 are smoothened by using the S-Matrix coefficients. This is due to the removal of the effect of the
termination reflections, and subsequently the measurement error due to the presence of nodes near the position P,. A
good agreement is observed between all the calculation methods, the model proposed in Eq. (7), and the resistance
calculated from the impedance tube measurements [20].

B. Flow Profile Results

Figure 3 a) Flow profile measurements using pitot tube; b) Comparison between the measured and the modelled

flow velocity profiles Figure 3 displays the measured flow Mach Numbers. The displayed measurement data are the

average of the values determined at three different positions with respect to the perforate. An empirical model for the
measured profile is proposed in Eq. (12).(12)

u(x) = 0.0145x* + B, for 11 < x* < 350 in the buffer layer
u(x) 1
u, 0.384

In(x*) + 4.27, for 350 < x* < 830 in the logarithmic layer
- 5 (12)
Umar — (X x

max - 63 (—) , for 830 < x™ in the outer zone

u‘l.'
where xt = % is the normalized distance from the hard wall, u,,,, is the maximum velocity (observed at the center

of the cross section), and g is a constant determined by curve fitting of the measured data. The limits of x* for the
buffer and the logarithmic layer are defined using Ref. [30] and [31].
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Figure 3 a) Flow profile measurements using pitot tube; b) Comparison between the measured and the
modelled flow velocity profiles



Based on Egs. (10) and (11), the skin friction velocity along with the different flow profile characteristics were
calculated as shown in Table 1Table 1.

Mach Number | Umax (m/s) | Ubuik (M/s) | w, (m/s) | & (mm) | 8 (mm)
0.05 19.19 17.21 0.90 9.44 2.25
0.1 36.99 33.33 1.63 6.62 3.05
0.14 54.22 48.92 2.28 3.94 2.64
0.19 72.68 65.55 2.96 1.08 0.90

Table 1 Flow profile characteristics

C. Three port results under grazing flow

The magnitude of the S-Matrix coefficients and the normalized resistance calculated in the presence of grazing
flow is as shown in Figure 4 Figure 4. On observing the scattering matrix coefficients, it can be clearly seen that with
increasing flow velocity, the transmission from and into the duct 3 decreases and its reflection increases. This effect
is due to an increase in the overall resistance of the perforate.

As displayed in Figure 4 Figure 4-b, as the flow speed increases, the resistance calculated under acoustic excitation
from the grazing direction i.e., R, , increase. Moreover, an increase in the flow speeds also show the resistance
becoming increasingly independent of the frequency. The behavior of the curves starts following the Rao and Munjal
model [26]. However, under incidence from duct 3, the resistance curve i.e., R; displays a dependence on the
frequency as well as the flow speed, following the behavior seen in Ref. [21]. The reason for the discrepancy of the
resistance under normal and grazing incidence with increasing flow speeds is unknown.

Moreover, on comparing with the results from impedance eduction methods [10], it is found that the distinguishing
behavior of the resistance curves under upstream and downstream excitation is absent in the three-port results
presented here. However, the behavior portrayed under normal incidence is similar to that of the resistance calculated
using impedance eduction under downstream incidence.
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Figure 4 a) Magnitude of S-Matrix coefficients in presence of grazing flow; b) Normalized resistance calculated
in the presence of external flow compared against proposed models, solid lines: No grazing flow, circles: Mach
No. = 0.05, squares: Mach No. = 0.1, triangles: Mach No. = 0.14, diamonds: Mach No. = 0.19.

A modification to the semi-empirical model of Kooi and Sarin [21] is proposed to match the experimental results
of calculated resistance. Resistance calculated as per Eq. (13) agrees well with the experimental results under normal
acoustic incidence as can be seen in Figure 4 Figure 4-b. Similarly, modifying Rao and Munjal [26], Eq. (14) describes
the resistance calculated under grazing incidence at higher flow speeds of Mach No. =~ 0.14 and 0.19,

R = 12u, — 5fd (13)
oc
0.55Mach
R=—— (14)



In order to understand the flow acoustic interaction effect on the properties of the test sample under normal
incidence, the transmission coefficient and the resistance of the empty T-Junction were calculated with grazing flow
and the results were compared. Scaling of the experimentally determined quantities with respect to the flow speeds
was done by using Strouhal number (St) which is calculated using Eq. (15).

st =1y (15)

where U is taken as the bulk flow velocity, and d., is taken as the equivalent diameter of the rectangular pipes in case
of an empty T-Junction. When the sample is placed in the T-junction, d., is taken as the diameter of the perforations.
It should be noted that the diameter and the thickness of the perforated sample under consideration is equal, hence the
length scaling factor is calculated using only the diameter in the analysis of the sample.

The transmission coefficients as well as the resistance of the empty T-junction calculated under normal acoustic
incidence at all flow speeds is shown in Figure 5 Figure 5-a. As observed in Ref. [17], the transmission coefficients
of the empty T-junction show oscillating variation with respect to the Strouhal number, indicating amplification and
attenuation of the incident sound at particular Strouhal numbers. The Strouhal numbers where an amplification is
displayed corresponds to intervals where the calculated resistance decreases to negative values as shown in Figure 5
Figure 5-b. Moreover, it can also be seen that the Strouhal numbers at which the resistance values equal zero are 2™
multiples of a principle Strouhal number, i.e., the resistance decreases to cross zero at St ~ 0.44, 0.86, 1.67.
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Figure 5 a) Magnitude of the transmission coefficients of the empty T-Junction; b) Normalised resistance of

the Empty T-junction calculated under normal acoustic incidence; circles: Mach No. = 0.05, squares: Mach

No. = 0.1, triangles: Mach No. = 0.14, diamonds: Mach No. = 0.19; c) Extrapolation of resistance calculated
using Eq. (13) to determine the zero resistance Strouhal number.

To compare with the perforated sample, Figure 5 Figure 5-c shows the extrapolated resistance of the perforated
plate. This extrapolation is done adhering to Eq. (13), with the aim of determining the Strouhal number where the
resistance of the perforated sample in presence of grazing flow becomes zero. The Strouhal Number is determined to
be roughly 0.11. In case of the empty T-junction experiments, for the given frequency range all the determined



Strouhal numbers are > 0.25. On expanding the frequency range to include lower Strouhal numbers, if a fundamental
is observed at St ~ 0.11, it suggests a similarity in the flow-acoustic field of an empty T-junction and a perforate under
normal acoustic incidence. Moreover, in case of the perforate an approach towards an oscillating behavior, like the
one observed in the empty T-junction, can also be investigated by expanding the Strouhal Number range. If observed,
these similarities in the flow-acoustic field under normal acoustic incidence can be the reason for the behavior of the
perforate resistance curve.

IV. Concluding Remarks

To study the transfer impedance of a perforated plate, an experimental three-port technique is presented in this
study. Using the three-port, the acoustic properties of the perforate are studied with and without the presence of grazing
flow, and under acoustic incidence from the normal and the grazing directions. To reduce the errors occurring due to
termination reflections, incorporation of the scattering matrix coefficients in the calculation of the transfer impedance
is displayed. In the absence of flow, agreement between the calculated resistance and an existing analytical model is
found. On the addition of grazing flow, determination of the flow profile characteristics is carried out. A clear
dependency of the flow velocity on the value of normalized resistance is seen and the resemblance between the
behavior of the three-port results and existing semi-empirical models is shown. Modifications in the constants of the
existing models are suggested to fit the experimental results. Similarities in the flow-acoustic field of an empty T-
junction and a perforated section are shown. Moreover, a possible reason for the behavior of the calculated resistance
curve under normal acoustic incidence is proposed. Future works include expanding the Strouhal number range to
study the possibly oscillating amplification and attenuation by the perforate sample, and study the discrepancy
observed in the calculated resistance under excitation from normal and grazing directions.
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