
27 April 2026

POLITECNICO DI TORINO
Repository ISTITUZIONALE

Comparison of Impedance Eduction Test Rigs with Different Boundary-Layer Profiles / Quintino, Nicolas T.; Bonomo,
Lucas A.; Cordioli, Julio A.; Jones, Michael G.; Howerton, Brian M.; Nark, Douglas M.; Avallone, Francesco. - In: AIAA
JOURNAL. - ISSN 1533-385X. - 63:11(2025), pp. 4872-4883. [10.2514/1.J065173]

Original

Comparison of Impedance Eduction Test Rigs with Different Boundary-Layer Profiles

Publisher:

Published
DOI:10.2514/1.J065173

Terms of use:

Publisher copyright

(Article begins on next page)

This article is made available under terms and conditions as specified in the  corresponding bibliographic description in
the repository

Availability:
This version is available at: 11583/3001069 since: 2025-06-18T07:38:00Z

American Institute of Aeronautics and Astronautics



Comparison of Impedance Eduction Test Rigs with Different
Boundary-Layer Profiles

Nicolas T. Quintino,∗ Lucas A. Bonomo,† and Julio A. Cordioli‡

Federal University of Santa Catarina, 88040-900 Florianópolis, Brazil

Michael G. Jones,§ Brian M. Howerton,¶ and Douglas M. Nark**

NASA Langley Research Center, Hampton, Virginia 23681

and

Francesco Avallone††

Politecnico di Torino, 10129 Turin, Italy

https://doi.org/10.2514/1.J065173

The experimental characterization of acoustic liners has garnered significant attention within the research

community. Typically, such characterization involves measuring the acoustic impedance of liners using various

techniques under conditions similar to those found in turbofan engines. This study aims to offer a comparative

analysis of educed acoustic impedance for two liner samples, manufactured by the same provider and tested in the

UFSC Impedance Test Rig and the NASA GFIT. Leveraging the distinct geometries of these test rigs, the

investigation considers the impact of different grazing flow profiles in terms of the boundary-layer displacement

thickness on the educed impedance. Notably, impedance measurements exhibit congruent outcomes in the absence

of grazing flow but diverge in terms of resistance values when grazing flow is present, with the UFSC Impedance

Test Rig consistently indicating higher values. The postprocessing algorithms of both institutions are uniform. In

addition, a comparison involving a semiempirical predictive model has been conducted. The findings suggest that

the observed disparities relate to the grazing flow boundary-layer profile. In summary, it is important to report both

the mean flow Mach number and the displacement thickness to enable proper comparison between impedances

educed from data acquired in different test rigs.

Nomenclature

A = modal amplitude
Aa = active chamber area
At = total chamber area
Cd = discharge coefficient
c0 = speed of sound
d = perforate plate hole diameter
dc = chamber dimension (length)
h = cavity height
i = imaginary unit
J = Bessel function
k = free-field wavenumber

ks = wavenumber of viscous Stokes wave
kx = transverse wavenumber
kz = axial wavenumber
M = bulk Mach number
N = number of microphones
Pn = Prandtl number
p = complex acoustic pressure
Rcm = normalized grazing flow-induced acoustic resistance
Sm = nonlinear mass reactance
Sr = nonlinear resistance slope
t = facesheet thickness
U0 = root-mean-squared acoustic particle velocity
u = acoustic particle velocity
w = measurement noise
x = transverse coordinate
Z = acoustic impedance
Z0 = air characteristic impedance
Zb = core impedance considering blockage
Zc = empty chamber characteristic impedance
Zof = perforate plate impedance
z = axial coordinate
Γ = propagation constant
γ = heat capacity ratio
Δz = distance between microphones
ϵd = mass end correction
μ = air viscosity
ρ0 = air density
σ = open area ratio
ψ = mode shape
ω = angular frequency

I. Introduction

ACOUSTIC liners are passive devices typically applied to
turbofan nacelles to attenuate fan noise. A liner is commonly

composed of a honeycomb structure covered with a perforated plate
and backed with a rigid panel, with the liner usually being tuned so
that it attenuates the frequency range near the fundamental fan blade
passage frequency (BPF) or its harmonics. Recent aircraft engine
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designs trend toward larger-diameter engines with increased bypass
ratios. In order to limit drag and fuel burn, the nacelles of these new
engines tend to have a smaller aspect ratio, between length and
diameter, and thinner walls [1]. For the same fan tip speed, a larger
diameter lowers the BPF, which would typically require the liners to
be thicker. However, thinner walls reduce the volume available for
the installation of acoustic liners. To address these challenges,
significant efforts are being made to design novel liner concepts
that can achieve similar attenuation with reduced dimensions [2].
However, the proper characterization of liners in the presence of
high sound pressure levels (SPLs) and grazing flow, as well as the
physics involved in sound attenuation by the liner, remain topics of
discussion within the community [3–5].
Typically, an acoustic liner is characterized by its acoustic imped-

ance, which is known to depend on both liner geometry (cavity
height, percentage of open area, hole diameters, etc.) and opera-
tional conditions, such as grazing flow speed and SPL [6–10].
Consequently, this liner evaluation needs to be conducted under
conditions resembling the nacelle environment as closely as pos-
sible. To achieve this, a set of impedance eduction [11,12] tech-
niques has been proposed with the primary objective of accurately
characterizing acoustic liners in realistic scenarios. The fundamental
approach involves placing an acoustic liner sample within an instru-
mented duct where a grazing flow is combined with an acoustic
field. Subsequently, the liner’s acoustic impedance is determined
through measurements of the acoustic field within the test rig.
Despite the substantial number of published articles on imped-

ance eduction techniques, there is a scarcity of direct comparisons
between various test rigs and eduction methodologies using identi-
cal liner samples. Recently, the International Forum for Aviation
Research (IFAR) initiated a collaborative project with the objective
of addressing this gap [3,13]. The first challenge under the IFAR
liner topic involved collecting data from multiple test rigs utilizing
simple liner configurations feasible for construction using 3D-print-
ing technology. However, the precision and surface finishing of 3D-
printing equipment can vary significantly, raising concerns about
sample uniformity due to anticipated manufacturing process dispar-
ities [3]. Additionally, differences in test rig geometries and flow
supply systems likely result in distinct flow profiles at each rig,
aspects that were not assessed in the aforementioned study. It is
noteworthy that the work by Kooi and Sarin [6] suggested a poten-
tial strong correlation between the liner’s local impedance and the
flow profile across the perforated sheet.
The primary objective of this study is to perform a comprehensive

comparison between impedance eduction results acquired from two
distinct test rigs, using a pair of identical 3D-printed samples
manufactured consecutively by the same vendor employing the
same equipment. The two test rigs in question are the impedance
test rigs located at the Federal University of Santa Catarina (UFSC)
and the NASA Langley Research Center Grazing Flow Impedance
Tube (GFIT). The use of the same manufacturer and equipment for
sample production is expected to yield highly similar test samples,
differing primarily in overall dimensions due to the unique rig
geometries. This study also assesses the impact on the measure-
ments of the different flow profiles between the two facilities. For
the purpose of this comparison, tests are conducted for two different
conditions: i) same average Mach number and ii) same centerline
Mach number. Both institutions employ a direct eduction method
based on Prony’s algorithm to evaluate liner impedance [10,14].
Additionally, inverse eduction methods are employed: UFSC uti-
lizes the mode-matching method [4], while NASA employs the
convected Helmholtz equation method [15]. To ensure consistency
across algorithm implementation, raw data is exchanged between
the institutions, allowing each to process data obtained from the
other test rig. Lastly, a comprehensive analysis of the results is
presented, encompassing a comparison of the educed impedance
with a semiempirical model of the liner impedance.
The rest of the paper is structured as follows: Section II outlines

the impedance eduction techniques employed in this study, offering a
comprehensive depiction of both test rigs. Furthermore, a description
of the Goodrich semiempirical liner impedance model ([16]), which

will be utilized in subsequent analyses, is provided. Section III
presents the main results and discussions. Finally, the main con-
clusions are outlined in Sec. IV.

II. Experimental Setup and Eduction Methods

A. Impedance Eduction

For the purpose of this work, both test rigs can be simplified as a
bidimensional duct, as schematically depicted in Fig. 1. Assuming
temporal dependence in the form of exp�iωt�, acoustic propagation
can be modeled by the convected Helmholtz equation given by

ik�M
∂
∂z

2

p −
∂2p
∂x2

−
∂2p
∂z2

� 0 (1)

where p is the complex acoustic pressure, k � ω∕c0 is the free-field
wavenumber, ω is the angular frequency, c0 is the speed of sound,
M � U∕c0 is the flow Mach number, and U is the flow velocity,
with Cartesian coordinates x and z in the transverse and axial
directions, respectively.
The solution to Eq. (1) is given by a sum of downstream and

upstream acoustic propagating modes:

p�x; z� �
∞

n�1

A�
n ψ

�
n �x� exp�−ik�z;nz� �

∞

n�1

A−
nψ

−
n �x� exp�−ik−z;nz�

(2)

where A�
n are the modal amplitudes, ψ�

n �x� are the mode shapes,

k�z;n are the axial wavenumbers, n is the mode index, and � and −
denote downstream and upstream propagating waves, respectively.
In the lined section of the duct, the bottom wall (x � 0) is lined with
a wall impedance Z, while the upper wall (x � H, where H is the
duct height) is rigid. The normal component of the acoustic particle
velocity vanishes in the presence of a rigid wall, such that the
boundary condition is given by

∂p
∂x

� 0; at x � H (3)

For lined walls, the refraction in the boundary layer is taken into
account by means of the Ingard–Myers boundary condition [17,18],
leading to

∂p
∂x

� Z0

ikZ
ik�M

∂
∂z

2

p; at x � 0 (4)

where Z0 � ρ0c0 is the air characteristic impedance and ρ0 is the air
density. These boundary conditions applied to Eq. (2) lead to the
eigenvalue problem

kx;n tan�kx;nH� − Z0

ikZ
ik − iMkz;n

2 � 0 (5)

where kx;n are the transverse wavenumbers, and the dispersion

relation is given by

k2x;n � k −Mkz;n
2 − k2z;n (6)

Fig. 1 Bidimensional duct assumed for test rigs acoustic model:

(1) upstream section; (2) lined section with impedance Z, and (3) down-
stream section. Acoustic waves propagate either upstream or down-
stream the flow. An uniform flow with Mach number M is assumed.
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1. Convected Helmholtz Equation Method (CHE)

A complete description of the CHE method is provided by
Watson et al. [15]. It consists of using a finite element method
(FEM) approach to solve the boundary value problem defined in
Eqs. (1–6). The impedance Z is then educed by minimizing the
objective function

F�Z� � 1

N

N

j�1

p�zj�num − p�zj�exp (7)

where N is the number of upper-wall microphones, zj is the axial
location of the jth microphone, “num” denotes the numerical values
obtained from the FEM, and “exp” denotes the experimental mea-
sured values.

2. Mode-Matching Method

To avoid the computational cost of the FEM model to determine
the theoretical field, one can use an analytical model of the acoustic
propagation. For instance, Elnady et al. [11] proposed to use a
mode-matching (MM) method to determine the acoustic field. The
MM method consists of using the modal structure of the acoustic
field to compute the numerical solution. The MM method is sum-
marized in this work, and more details of the method can be found in
Spillere et al. [4]. We can rewrite the convected Helmholtz equation
in a suitable form to solve it as a generalized eigenvalue problem.
This problem is solved using a pseudospectral method, and the
modal amplitudes can be determined by matching acoustic mass
and momentum at each interface. An initial guess for the impedance
is considered, and the actual impedance is then found by minimizing
the cost function given by

F�Z� �
N

j�1

p�zj�exp − p�zj�num
p�zj�exp

(8)

which compares the numerical acoustic field computed and the
measured acoustic field. One may notice that the cost functions
defined by Eqs. (7) and (8) are similar but not identical. These
differences should have minimal impact on the conclusions.

3. Kumaresan and Tufts Method (KT)

In order to extract the axial wavenumber and under the
assumption of an infinitely long duct, one can use Prony-like
algorithms to fit a sum of damped complex exponentials to the
measured acoustic pressure at uniformly spaced locations [14].
Once the axial wavenumber is known, it is straightforward to

calculate the liner impedance by solving the system of equations
obtained from Eqs. (5) and (6). In this case, the acoustic pressure at
the flush-mounted microphones at the wall opposite to the liner
sample is given by

pj �
N

n�1

An exp −ikz;njjΔz � wj for j � 0; : : : ;M − 1 (9)

where pj represents the pressure at the jth microphone, Δz is the
distance between two consecutive microphones, wj is the measure-

ment noise,M is the number of microphones, andN the number of
modes used, in this case 6.
One main issue of using the original Prony’s algorithm, as

proposed for use in impedance eduction by Jing et al. [14], is its
poor performance in the presence of noisewj [12]. As an alternative,
the Kumaresan and Tufts (KT) algorithm [12] has been successfully
applied [10,19], providing lower uncertainty levels by selecting a
reduced number of wavenumbers (propagating modes) [20]. In this
work, the KT algorithm will be used by both institutions to extract
the axial wavenumbers from measured acoustic fields, but with
different strategies to select the wavenumbers.
The UFSC team selects the least attenuated mode, which is

normally associated with the mode containing the most power
[20]. On the other hand, the NASA Langley team takes advantage
of the higher number of microphones, which allows a higher num-
ber of extracted wavenumbers, and initially selects the six lowest-
order modes. An interactive process is then applied, following the
sequence as follows: i) compute the impedance from each mode, ii)
use that impedance to compute the sound field, and iii) select the
impedance/mode that minimizes the difference between the com-
puted and measured sound fields.

B. UFSC Liner Impedance Test Rig

The UFSC Liner Impedance Test Rig is a grazing flow acoustic
impedance facility located at the Laboratory of Vibration and
Acoustics of the Federal University of Santa Catarina, Brazil. A
three-dimensional schematic view of the test rig is shown in Fig. 2.
The test rig is composed of modular, rectangular-cross-sectioned
40 mm × 100 mm ducts. Quasi-anechoic terminations at the test rig
inlet and outlet minimize acoustic reflections. Eight compression
drivers are distributed both upstream and downstream of the liner
test sample holder to generate sound fields up to 150 dB propagating
with or against the flow. Grazing flow is supplied by an external
compressed air system, capable of providing a cross-section-aver-
aged flow up to Mach 0.7. A differential pressure transmitter is
connected to a 2-mm-diameter Pitot tube located at the test rig inlet.

Fig. 2 Schematic representation of the UFSC Liner Impedance Test Rig.
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This Pitot tube is used to control the flow average speed at the test

section by using a precalibrated factor based on comparisons

between the centerline Mach number in the inlet and the bulk Mach

number at the test section. Temperature is monitored with a temper-

ature transmitter at the test rig inlet.
An array of eight equally spaced, flush-mounted microphones is

located on the wall opposite to the liner section for impedance

eduction. Signals are recorded using a data acquisition (DAQ)

module at a sampling rate of 25.6 kHz. Measurements are per-

formed using a harmonic excitation signal, which also serves as a

reference for cross-spectrum estimation using Welch’s method with

30 averages of 25,600 samples with 75% overlap. An in-house

Python3 code is used for all hardware control, signal processing,

and postprocessing of the data.

C. NASA Grazing Flow Impedance Tube

The NASA Langley GFIT facility is used to measure the acoustic

characteristics of noise reduction treatments (acoustic liners) for

aircraft jet engine nacelles and nozzles. The facility is a wind tunnel

with a rectangular cross-section of 50.8 mm × 63.5 mm, as

depicted schematically in Fig. 3. The flow path consists of a straight

duct with an upstream acoustic source section using 12 drivers,

interchangeable lengths of blank duct, a test section where the liner

sample is held along the upper wall of the duct, and an array of 95

measurement microphones leading to a six-driver downstream

source section. Near-anechoic terminating diffusers are employed

at each end of the duct to control reflections and reduce overall flow

noise. The source sections can generate sound pressure levels up to

150 dB for the frequency range between 400 and 3000 Hz. In the

current work, swept-sine excitation is used to cover the desired

frequency range [21]. To generate the desired flow conditions,

pressurized and heated air is supplied to the inlet of the GFIT, while

a vacuum system is employed at the duct exit to evacuate air from

the tube. With this arrangement, static pressure at the test section can

be held to near-ambient conditions at all flow velocities with con-

stant total temperature. Grazing flow Mach numbers from 0 to 0.6

are available with such an arrangement.

D. Semiempirical Liner Impedance Model

The Goodrich liner impedance model proposed by Yu et al. [16]

is used as a reference for the comparison of the results between test

rigs and to evaluate the impact of different flow profiles. The basic

equation of the model is given by

Z � Zof � SrU0 � Rcm � i SmU0 − cot �kh� (10)

where Zof is the perforate plate impedance, Sr is the nonlinear

resistance slope, Rcm is the normalized grazing flow-induced acous-

tic resistance, Sm is the nonlinear mass reactance, h is the liner

cavity height, and U0 is the root-mean-squared acoustic particle

velocity. In this work, U0 is obtained by solving Z � pref∕U0 in

Eq. (10), with pref � 20 μPa ⋅ 10SPLref∕20, where the reference SPL

SPLref is the same for both facilities.
The perforated plate impedance is given by

Zof � iω
�t� εd�
c0σF

ksd
2

(11)

where t is the facesheet thickness, d is the perforated plate hole
diameter, σ is the percentage of open area, F�ksd∕2� is the cross-
section-averaged hole velocity profile from Crandall’s solution [22],
and

εd � d�1 − 0.7 σ
p �

1� 305M3
(12)

is the effective mass end correction [23]. The cross-section-averaged
hole velocity profile is defined as

F
ksd

2
� 1 −

2J1
ksd
2

ksd
2
J0

ksd
2

(13)

where J0 and J1 are zero- and first-order Bessel functions, and

k2s � −i
ωρ0
μ

(14)

is the wavenumber of a viscous Stokes wave and μ the air viscosity.
The nonlinear resistance slope is given by

Sr � 1.336541
1 − σ2

2c0C
2
dσ

2
(15)

where Cd is the discharge coefficient, which for t∕d ≤ 1 is given by

Cd � 0.80695
σ0.1

exp −0.5072t
d

(16)

One may notice that this expression for the discharge coefficient was
best-fitted for orifices with perfectly sharp edges, which is not the
case in this work, where rounding is expected due to the liner
sample manufacturing process. However, for the purpose of this
work, the nonlinear resistance contribution induced by the grazing
flow is the variable of interest, and this minor divergence in the
discharge coefficient becomes negligible.
The normalized acoustic resistance under grazing flow is given by

the Rice–Heidelberg derivation [24], such that

Rcm � M

σ 2� 1.256
δ�

d

(17)

where δ� is the flow profile boundary-layer displacement thickness
(BLDT). Finally, the nonlinear mass reactance is given by

Sm � −0.0000207
k

σ2
(18)

For the 3D-printed liner sample tested in this work, the thickness
of the wall between two honeycomb cells is significant when
compared to the active area of the cavity. Jones and Nark [25]
considered that the partition wall may lead to a blockage effect in
this type of sample and added these effects to a semiempirical
model, which resulted in a better agreement with experiments. In
the present work, the Goodrich semiempirical model was adapted to

Fig. 3 Schematic representation of the NASA Langley Research Center Grazing Flow Impedance Tube (GFIT).
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account for such effects following a similar approach where the

backing impedance is replaced by a calculated core impedance. The

sequence adopted was to calculate the impedance of the liner core,

add the blockage effects, and then add the perforated facesheet

impedance. The sequence is slightly different than the one reported

by Jones and Nark [25].
The first step is to calculate the impedance of the core of the liner

sample. This was done by means of the Zwikker and Kosten trans-

mission line (ZKTL) model, which computes the acoustic pressure

and the particle velocity in the core as described in Jones and Nark

[25]. The backplate acoustic pressure p0 and particle velocityU0 are

considered 1 and 0, respectively. The ZKTL model computes

changes between the backplate and the core as

p1

u1
�

cosh�kΓh� Zc sinh�kΓh�
Z−1
c sinh�kΓh� cosh�kΓh�

p0

u0
(19)

where the propagation constant Γ and characteristic impedance Zc

within the empty chamber are calculated as

Γ � J0�i3∕2s�
J2�i3∕2s�

γ

nΓ
and Zc �

−i
Γ
J0�i3∕2s�
J2�i3∕2s�

(20)

and

s � �dc∕2� ρω∕μ and nΓ � 1� γ − 1

γ

J2�i3∕2P1∕2
n s�

J0�i3∕2P1∕2
n s�

−1

(21)

where γ � 1.4 is the heat capacity ratio, dc is the chamber dimen-

sion, and Pn is the Prandtl number.
After obtaining the acoustic pressure and the particle velocity, the

core impedance can be directly obtained. The partition wall effect is

then included by

Zb � p1

u1

At

Aa

(22)

where Zb is the core impedance considering the blockage effect, Aa

is the active area of the cavity, and At is the total area, which
includes the partition thickness.
Finally, the Goodrich semiempirical model, Eq. (10), is then

adjusted by substituting the − cot �kh� term with the impedance
obtained for the core with the blockage effect, resulting in

Z � Zof � SrU0 � Rcm � i�Smu0� � Zb (23)

E. Liner Samples and Test Matrix

For the purpose of this work, two liner samples were manufac-
tured via stereolithography additive manufacturing. The liner sam-
ples were designed as arrays of individual 9.9 mm × 9.9 mm square
chambers with chamber heights of h � 38.1 mm. Each chamber
contains eight holes with a diameter d � 0.99 mm, resulting in a
single-chamber percentage of open area of 6.3%. The design face-
sheet thickness is t � 0.635 mm. The design cell walls are 2.54 mm
thick, resulting in an overall percentage of open area of 4.2%. Each
sample was arranged to fit the different sample holders for each test
rig. The UFSC sample consists of an array of 8 × 33 cells, while the
NASA sample is 4 × 44. Since the liner samples were not printed
with an integrated backplate, a 6.35-mm-thick aluminum plate was
used for this purpose. The UFSC sample can be seen in Fig. 4.
The liner samples used at UFSC and NASA were 3D-scanned,

and the results are presented in the Appendix. Some differences
between the nominal and the actual liner geometry were observed.
Small differences, attributed to the manufacturing procedure, were
also found between the two samples. In the following analysis, the
scanned geometry of each liner sample is used as an input parameter
for the semiempirical model, together with the flow characteristics.
However, the effects on impedance caused by the geometries are not
discussed in detail since the effects of flow profile are the main focus
of this work. A detailed analysis of the impact of the geometric
differences will be the subject of future publications.
Tests were conducted under four different flow conditions at both

test rigs: i) in the absence of flow, ii) at a centerline Mach number of
Mcenter � 0.3, iii) at a centerline Mach numbers of Mcenter � 0.5,
and iv) at an average Mach number of Mavg � 0.265.

For the UFSC test rig, a stepped pure tone excitation was used in a
frequency range from 500 to 2500 Hz with 100 Hz steps, while the

a) Top view (exposed to flow) b) Holes detail

c) Open cavities back view d) Backplate

Fig. 4 Pictures from UFSC test sample.

Article in Advance / QUINTINO ET AL. 5

D
ow

nl
oa

de
d 

by
 T

ec
hn

is
ch

e 
U

ni
ve

rs
ite

it 
D

el
ft

 o
n 

Ju
ne

 1
8,

 2
02

5 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/1
.J

06
51

73
 



NASA team used a swept sine with a 10 Hz resolution in the same

frequency range. Tests were conducted in both test rigs at SPLs of

130 and 145 dB. However, these source levels were set differently in

the two rigs. For the UFSC test rig, the source level set point SPL is

the incident plane wave amplitude, whereas NASA uses the total

SPL at the edge of the liner closest to the acoustic source that is

engaged. As a result, the liner in the NASA GFIT will experience a

different sound field (frequency dependent) from that used in the

UFSC test rig. This difference will affect the comparison of results

between the two test rigs. However, since the test liner is weakly

nonlinear (and therefore weakly dependent on source SPL), these

differences should be limited over the majority of the frequency

range of interest.

III. Results and Discussion

A. Flow Profiles

This section presents the flow profiles measured for both test rigs

at centerline Mach numbers of 0.3 and 0.5. The description of the

NASA measurements can be found in Jones et al. [26]. For the

UFSC flow profile, the measurements were conducted with a 0.63-

mm-diameter Pitot tube at the liner sample’s upstream edge posi-

tion. Measurements were taken with a 1 mm step increment. The

flow profiles are presented in Fig. 5. Both flow profiles are normal-

ized by the centerline Mach number, which shows very similar

trends between the lower and higher Mach numbers. The BLDT

δ� for both test rigs were determined from the centerline (1D profile)

measured data (linear extrapolation to the wall). The BLDT is given

by

δ� �
H

0

1 −
u�x�
U∞

dx (24)

where u�x� is the local velocity within the boundary layer, and U∞
is the freestream velocity, which for this case corresponds to the

centerline velocity. Since we are interested in the effect of the

boundary layer over the lined wall, the BLDT will be evaluated in

the present work over the half channel height on the liner sample

side. Due to instrumentation limitations at UFSC, measurements

were performed only at the upstream liner edge (leading edge).

Measurements across the duct cross-section (2D profile) were also

conducted to determine the bulk Mach number, which is calculated

using a quadrature method average [27] with a 5 × 5 point grid.

Table 1 presents the flow parameters calculated for each facility for

both centerline Mach numbers. In the following sections, the BLDT

and bulk Mach number results will be used to evaluate the impact of

the flow profile on the liner impedance.

B. Acoustic Results

In this section, the impedances educed in both test rigs are

compared. The MM and KT methods are used to postprocess data

collected at the UFSC test rig, while the CHE and KT methods are

employed to analyze data collected at the NASA GFIT. The exper-

imental results are also compared with the predictions from the

Goodrich semiempirical model for each test rig. In the first

approach, the test rigs were set to match the same maximum Mach

number (centerline Mach number) in the cross-section, resulting in

slightly different bulk Mach numbers.
The results obtained with both test rigs at 130 dB in the absence

of mean flow are presented in Fig. 6. Overall, a very good agreement

is observed between experimental results. This is especially true in

the frequency range with higher acoustic attenuation, where the

experimental uncertainties are expected to be low [20]. The discrep-

ancy in the resistance slope observed at lower frequencies may be

explained by the low attenuation level and/or the reduced liner

length-to-wavelength ratio [28]. The semi-empirical model displays

a hump in the resistance close to the liner’s first resonance frequency

(around 1600 Hz), which is not observed in the experimental data.

This behavior may be due to the model overestimating the nonlinear

characteristics of the liner, which are typically characterized by such

a hump. The reactance obtained by the semiempirical model shows

good agreement with the experimental results. However, near the

liner resonance, the experimental results display a reasonable diver-

gence from the model. This can be explained by the fact that the

model is adjusted for a single value of SPL, while a decay is

expected along the sample. Also, we should keep in mind that the

Goodrich model has been tuned based on impedance results from

the in-situ method and considering traditional liners, which gener-

ally display sharp edges in holes, while we are considering a 3D-

printed sample with rounded edges in the holes. The agreement

between the results of each test rig for the case without flow

provides confidence in the manufacturing process and the similarity

of the samples, enabling further comparisons for the cases with

grazing flow.
Figures 7a and 7b show the experimental results obtained with both

test rigs at 130 dB and for both propagation directions at a centerline

Mach number of 0.3. The results follow the expected pattern, where

the resistance increases with the presence of grazing flow when

compared with the results without flow in Fig. 6. Additionally, the

a) Centerline Mach number of 0.3 b) Centerline Mach number of 0.5

Fig. 5 Flow profiles obtained for each test rig.

Table 1 Flow parameters

Mc � 0.3 Mc � 0.5

Facility δ�, mm Bulk Mach δ�, mm Bulk Mach

UFSC 1.9 0.265 2.0 0.442
NASA 3.3 0.238 3.4 0.372
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results obtained with both test rigs exhibit the differences reported in
the literature between upstream and downstream acoustic source
configurations. These differences are still under debate in the com-
munity, whether as a failure of the Ingard–Myers boundary con-
dition or an inherent part of liner physics [4,10,29]. Despite the very
good agreement observed in the educed reactance, the acoustic
resistance measured within the UFSC facility is consistently higher
than the one measured in the NASAGFIT. As mentioned earlier, the
flow profile is expected to affect the liner resistance [6], and the
differences in the bulk Mach number and the BLDT reported in
Sec. III.A may be a possible source of discrepancies. There are—at

least—two possible sources for the discrepancies found in the
acoustic impedance: I) interactions between the acoustic field and
the different boundary layers are resulting in different impedances
for the two facilities, or II) the uniform flow approximation assumed
in the inverse methods is introducing a bias error in the acoustic field
modeling, which is different for each facility. In this work, we will
initially consider the first hypothesis, based on the early work of
Hersch and Walker [30]. They conducted an experimental campaign
specially designed to investigate the impact of the flow profile on the
discharge coefficient of an orifice with an incident normal acoustic
wave. Since their work did not rely on any uniform flow assumption,

Fig. 6 Educed impedances in absence of flow and at 130 dB.

a) Upstream source

b) Downstream source

Fig. 7 Educed impedances with centerline Mach number 0.3 at 130 dB.
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their findings provide a strong basis for the first hypothesis discussed
here that the differences in the impedance may arise physically and
independently from the uniform flow simplification.
To assess the potential impact of the different flow profiles mea-

sured at each test rig, Figs. 7a and 7b also include the impedances
obtained using the semiempirical model presented in Sec. II.D. The
main differences in the prediction inputs are the BLDT and the bulk
Mach number measured at each test rig. The semiempirical model
predictions for both geometries closely match the differences
observed in the resistance between the results from each test rig,
suggesting that the flow profile plays a significant role in the eduction
process. Indeed, one may notice that a smaller δ� results in a higher
resistance. A thinner BLDT indicates a higher velocity gradient near
the wall and, therefore, a high velocity near the orifices. Some studies
have shown that the grazing flow interacts with the orifices, creating a
recirculation area inside the holes that reduces the discharge coeffi-
cient. The strength of the recirculation vortex depends on the velocity
gradient, which in turn can affect the discharge coefficient [31–33].
The results for 130 dB and both source positions at a centerline

Mach number of 0.5 are presented in Figs. 8a and 8b. As expected,
the increase in the grazing flow Mach number results in higher
resistance. The higher Mach number also leads to more oscillations
and outliers in the results due to lower signal-to-noise ratio (SNR) in
the measurements. The mode-matching method is more sensitive to
this, which is observed in the difference in the impedances educed
by each method at the UFSC facility. In general, the same trend
observed for Mach number 0.3 is also seen for Mach number 0.5. A
good match is observed for the reactance results between different test
rigs, but the educed resistance is consistently higher at the UFSC test
rig when compared to the NASA GFIT for most of the frequency
range. The discrepancy between upstream and downstream sources

can also be observed, and it is more pronounced in the UFSC facility.
The results for the semiempirical model are also included in Figs. 8a
and 8b. Once more, the model correctly captures the impact of
different flow profiles on the resistance, corroborating the hypothesis
that the difference in displacement thicknesses can be used to account
for the discrepancies between the impedance educed at each test rig. It
may also be noted that the results from the semi-empirical model
display a better match to the upstream source results (downstream
propagation). From this point, for the sake of brevity, only results
obtained with an upstream acoustic source are going to be shown.
Although differences in displacement thickness may account

for different impedance results, an alternate hypothesis is that
differences in bulk Mach number are responsible for test rig
differences. Indeed, when matching the centerline Mach number
between test rigs, the bulk Mach numbers are different. To assess the
sensitivity of the semiempirical model to both the flow profile
(characterized by the BLDT δ�) and the average Mach number, a
parametric analysis was conducted. The results of this analysis are
depicted in Fig. 9, and they clearly indicate that when the same
average Mach number is used in both facilities, the primary factor
influencing the impedance differences is the flow profile, especially
under the specified conditions of the test rigs.
To validate some of the conclusions drawn from the parametric

analysis, a new set of tests was conducted at the NASA GFIT test
rig. In this case, the flow velocity was adjusted to match the same
average Mach number as observed at the UFSC test rig, Mavg �
0.265. The results of this comparison are presented in Fig. 10. It is
evident that the results exhibit a very similar discrepancy to that
observed in Fig. 7 for the case with the same centerline Mach
number. These differences correlate well with those predicted for
the measured differences in displacement thickness between the two

a) Upstream source

b) Downstream source

Fig. 8 Educed impedances with centerline Mach number 0.5 at 130 dB.
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test rigs. They also highlight the importance of accurately character-

izing the flow profile in a test rig and considering it when comparing

impedance results between different test rigs.

In a final step to verify the procedures at each facility, a cross-

check of the algorithms was performed. It is known that different

eduction methods and algorithms may lead to small differences in

the educed impedance, even with data collected within the same

test rig [28]. For this purpose, both teams shared their raw acoustic

pressure data and all other necessary parameters for the eduction

process (e.g., Mach number, temperature, detailed geometric

dimensions of the test rig). NASA’s data was used for this com-

parison due to the longer liner sample and higher number of

microphones, which provide lower uncertainties with Prony-like

methods [20]. The comparison included both acoustic source

locations and centerline Mach numbers of 0.0 (no flow), 0.3,

and 0.5. The results obtained for the KT algorithms are presented

in Fig. 11. The comparison between the MM and CHE methods is

shown in Fig. 12.

Fig. 10 Educed impedances with same mean flow Mach number 0.265 and at 130 dB in both test rigs. Upstream source.

Fig. 11 Educed impedances with NASA data postprocessed by UFSC and NASA for the three centerline Mach numbers and at 130 dB for the KT
algorithms. Upstream source.

Fig. 9 Parametric analysis performed with the Goodrich semiempirical model. M � 0.265 and δ� � 1.02 mm correspond to UFSC data, and M �
0.238 and δ� � 2.60 mm to GFIT flow profile measurements.

Article in Advance / QUINTINO ET AL. 9

D
ow

nl
oa

de
d 

by
 T

ec
hn

is
ch

e 
U

ni
ve

rs
ite

it 
D

el
ft

 o
n 

Ju
ne

 1
8,

 2
02

5 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/1
.J

06
51

73
 



As expected, the comparison of educed impedances using the
same dataset presented an almost perfect match, especially when
utilizing the KT method as implemented by each institution. Small
differences were observed with higher Mach numbers and down-
stream source configurations, which could be attributed to the mode
selection process leading to slight discrepancies in the educed
impedance [20]. Slightly larger differences were observed when
comparing the MM and CHE methods, which is understandable
given that these methods are quite distinct. Overall, good agreement
was still observed for these methods. This analysis further corrob-
orates that the previously observed differences in impedance results
may indeed be attributed to the different flow profiles of the test rigs.
The educed impedances for 145 dB for all the configurations tested
displayed similar trends with the results for 130 dB. For the sake of
brevity, only results with 130 dB are presented in this work.

IV. Conclusions

This paper presented a comprehensive comparison of impedance
results obtained using two different impedance eduction test rigs for
the same acoustic liner. The study aimed to investigate the factors
contributing to variations in impedance measurements across differ-
ent facilities. Two liner samples were manufactured using 3D
printing technology to minimize manufacturing-induced errors.
The two samples were 3D scanned and compared. Despite the best
effort in using the same manufacturer and printer, small differences
were found. One sample was tested at the NASA Langley GFIT,
while the other was tested at the UFSC Liner Test Rig. Initial tests
conducted at both facilities under no-flow conditions demonstrated
a high degree of similarity in the educed impedance, confirming the
close similarity of the samples. This suggests that the impact of the
geometrical differences is negligible in the absence of flow. Sub-
sequent tests involved matching the centerline Mach number
between the test rigs. Surprisingly, the results obtained at UFSC
showed significantly higher acoustic resistances than those observed

at the NASA Langley GFIT in the presence of grazing flow. A
semiempirical model was employed to identify the key parameter
affecting the impedance results, and the BLDT δ� was identified as
the primary source of discrepancies, considering that in the absence
of flow, the two samples provided very similar results. To further
investigate this, tests were conducted at NASA’s GFIT, targeting an
average Mach number matching that of the UFSC test rig. Remark-
ably, the new results exhibited the same pattern of discrepancies,
supporting the conclusion that differences in flow profiles between
the test rigs are responsible for the higher acoustic resistances
observed at UFSC. To ensure the robustness of the impedance
measurement methods, a cross-comparison of eduction algorithms
was conducted by sharing raw data obtained by NASA with the
UFSC team. The results of this comparison revealed no significant
differences in the educed impedance values using different methods,
supporting the hypothesis that differences in flow profiles are the
primary cause of impedance variations. The results presented in this
study emphasize the critical role of accurately characterizing and
reporting the flow profile in a test rig and taking it into account when
comparing impedance results between different test rigs. This factor
significantly impacts the educed acoustic impedance, particularly
the acoustic resistance, and can lead to variations in the results
obtained from different facilities. Understanding and quantifying
the flow profile is crucial for ensuring the reliability and compa-
rability of impedance measurements across different test setups. It is
finally worth mentioning that the impact of the small differences
between the two samples will be investigated in future studies.

Appendix: Scanned Geometry

The liner samples, tested at UFSC and NASA, were 3D scanned
at both institutions with different hardware. The hardware used at
UFSC allowed spatial resolution of 0.01 mm, while the one at
NASA of 0.04 mm. This was done in order to compare the manu-
factured geometries against the nominal one. A 3D view of the liner

Fig. 12 Educed impedances with NASA data postprocessed by UFSC and NASA for the three centerline Mach numbers and at 130 dB for the MM and
CHE methods. Upstream source.

a) Overview of the liner scan b) Measurements of the hole diameter and shape

Fig. A1 Liner sample scan.
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scanned at UFSC and a detailed view of one of the orifices, with
measurements, are shown in Fig. A1. Other parameters were evalu-
ated: facesheet thickness and the shape of the orifices.
The quantitative comparison between the two samples is summa-

rized in Table A1. Geometrical parameters were obtained by aver-
aging measurements taken over different cavities. The standard
deviation represents the variability between the different sampling
locations. It is evident that for both samples the measured facesheet
thickness was smaller than the design value, while the opposite is
found for the hole diameter. This latter caused the percentage of
open area (POA) to be larger than the design value. Furthermore, the
edges of the orifices are not sharp but rounded.
When comparing the two samples, there are small differences in

terms of both mean facesheet thickness and hole diameter. Despite
the best effort made to manufacture the same samples, still
differences are present. The fact that in the absence of flow the
two samples provided similar impedance values suggests that the
impact of the geometrical differences is not large. However, future
studies will investigate this aspect in greater depth.
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