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Abstract: The article considers the general issues arising in designing the experimental setup “Impedance tube with grazing flow’,
the main structural units of the setup, and their purpose. It is given the basic requirements to be provided by the setup when testing
samples of acoustic liners used in an aircraft engine. The choosing of the design parameters of the setup is based on the analysis of the
known analytical solutions of the acoustics and gas dynamics, and on the numerical simulation of the grazing flow in the impedance

tube.
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1.INTRODUCTION

The verification of the impedance of the acoustic liner deve-
loped for the aircraft engine to their design values is carried
out on a special setup called “Impedance tube with grazing
flow” (ITGF). The setup is a narrow tube, usually of rectangu-
lar or square cross-section, which is due to the simplicity of
manufacturing the liner sample and the convenience of its
mounting on the duct walls. Sound and flow are simultane-
ously passed through the duct. The waves propagating from
the acoustic drivers are attenuated as they pass through the
anechoic terminations.

The narrowness of the duct is caused by the possibility of
generating a flow with the required speed at a low mass flow
rate. In this case, the use of high-power units for air supply is
not required. It also allows for high sound pressure levels (SPL)
to be generated in the duct by a few acoustic drivers. Achie-
ving high flow rates and high SPL are important requirements
when testing liner samples on the ITGF setup, as these conditi-
ons are equivalent to the operating conditions of the full-sca-
le acoustic liners in aircraft engine. At the same time, the fact
that the sound field structure in a rather narrow tube does not
correspond to the sound field structure in the real duct of the
aircraft engine is not fundamental, since the locally reacting
liners are of the greatest practical interest. The impedance of
such liners does not depend on the sound field structure, but it
is determined by the design features of the liner and the aero-
acoustic parameters near the duct wall (grazing flow velocity,
the thickness of the boundary layer, the frequency spectrum
of the noise source, etc.).

An array of microphones intended to measure the acoustic
pressure along the duct is mounted on the setup wall opposi-
te the liner sample. The acoustic pressure obtained in the ex-
periment is processed by various computational procedures
to determine the impedance of the tested sample. The narrow
duct also ensures only plane wave propagation in the rigid-
-walled sections of the setup over the frequency range of inte-
rest, which is very convenient to set the boundary conditions
in the computational procedures.

Investigations on such setups were begun in the last centu-
ry [1, 2]. At present, the setups exist in various scientific cen-
ters of the world dealing with the issues of reducing aircraft
noise [3-15]. The structure and operation principles of these
setups are the same as above. A basic scheme of the ITGF
setup is shown in Fig. 1.
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Fig. 1: A basic scheme of the ITGF setup

According to the scheme, the setup can be broadly divided
into a test section (pos. 1), a section of acoustic drivers (pos. 2)
and a section of anechoic terminations (pos. 3). The test sec-
tion consists of the microphones (pos. 4, 5) and liner sample
holder (pos. 6). Since acoustic liners in an aircraft engine ope-
rate under conditions of sound propagation both downstre-
am (for example, in the bypass duct) and upstream (air intake
duct), similar conditions should be provided when testing
samples. Therefore, the setup can be equipped with two secti-
ons of acoustic drivers (pos. 7). In order to place several acous-
tic drivers in one section of a duct, they should not interfere
with each other. For this, the acoustic drivers are placed at a
certain distance from the setup walls and are attached to the
setup through the narrow tubes (pos. 8). Anechoic terminati-
ons (pos. 3) are necessary to reduce the amplitudes of sound
waves reflected from the exit sections of the setup back into
the duct, where they interfere with direct incident sound wa-
ves and, accordingly, make an unnecessary contribution to the
signals measured by the microphones.
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The following are some basic assumptions that can be used
to select design parameters of the setup “Impedance tube
with grazing flow”".

2. DESIGNING BASED ON ACOUSTICAL
PRINCIPLES

For the ITGF setup with a rectangular duct cross section, the
sound field in the presence of a flow is described by the Hel-
mholtz convective equation in Cartesian coordinates:
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where

p is an acoustic pressure;

M, isan average Mach number;

k is a spatial wavenumber;

f is a frequency;

i is an imaginary unit;

z, x, y are the axial, vertical and spanwise locations, respecti-

vely (Fig. 2).
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Fig. 2: Coordinate axis in rectangular duct

The solution to equation (1) for a duct with rigid walls can be
written as:
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where
M,N  are the numbers of the transverse modes taken into
account in the solution;
are the counts of transverse modes;
B_ are the amplitude coefficients of the incident and re-

flected modes.
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The wavenumbers of transverse modes in expression (2) are
determined by the formulas

Kom =2, Ky =2 3)

and the axial wavenumber is determined from the expression
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Here

W, H is the cross-section dimensions of a duct (Fig. 2). The
signs ‘t’in the designation of the axial wavenumber co-
rrespond to the positive and negative directions of the
sound wave propagation.

If the mode with number (m, n) has an imaginary number k.
then this mode is attenuated. To determine the frequency at
which the mode begins to attenuate (cutoff frequency), you
can consider the expression under the root in formula (4). Sub-
stituting (3) in (4) yields (5):

Fun=2 J-m3)| (@) +(2)] ©

Here
¢,is asound speed.

Thus, the cutoff frequency sets the upper limit of the ITGF
setup operation in the frequency range. Carrying out measu-
rements at frequencies above the cutoff frequency requires
the arrangement of the microphones at the walls of the setup
in both transversal directions. For example, an arrangement
wherein all microphones are shifted by one-quarter of the la-
teral dimension relative to the axes of symmetry is shown in
Fig. 3. Such microphones arrangement excludes the measu-
rements at a node of a standing wave for transverse mode (1,
1). Failure to comply with this requirement does not allow to
correctly determine the amplitude coefficients of the modes
in the rigid-walled sections of the setup and, accordingly, to
correctly set the boundary conditions in the impedance educ-
tion procedure.
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Fig. 3: Scheme of the possible arrangement of microphones in the
presence of a transverse mode

In addition to the shape and dimensions of the duct, which
determines the cutoff frequency, there are other design requi-
rements for the ITGF setup, which can also significantly affect
the accuracy of determining the impedance of the liner. First
of all, this concerns the minimum spacing s between any two
microphones used in measurements (Fig. 1). If s is equal to an
integer number of half-waves, then the determinant of the
system constructed from equations (2) is equal to zero [16],
which prevents to find the acoustic characteristics of the liner
sample at the frequency under consideration. Accordingly, the
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microphones should be arranged in such a way that the fre-
quency f, corresponding to a half-wave equal to the spacing s
is outside the frequency range of the ITGF setup (6):

fu=;_2>fm,n' (6)

However, the spacing s should not be greatly reduced either.
This is due to the fact that the lower limit of an ITGF frequency
range (let us denote it by f) is determined by the frequency,
from which the change in phase of the acoustic pressure me-
asured at two nearest points becomes noticeable. As experi-
ence demonstrates, the phase change is already ensured at a
distance of 2-3% of the wavelength. Then, taking into account
the spacing s, at which the phase change occurs, the value of
the limiting lower frequency can be determined by the formu-
la(7):

fi=10.025° (7)

Measurements on an ITGF at frequencies below fl lead to
errors in determining the acousticimpedance of the liner sam-

ple.

The entrance and exit of the test section, where the outer-
most microphones are located, should be selected in such a
way as to the transverse modes arising at the joints of the im-
pedance and rigid walls do not reach these microphones. For
this, the distance from the edges of the liner to the entrance
and exit of the test section should be at least 4-5 transverse
dimensions of the duct (let us denote it by d). The same requi-
rement applies to the distance between the outermost micro-
phones and the acoustic drivers sections. This is due to the
fact that the presence of only plane waves on the outermost
microphones significantly simplifies the setting of boundary
conditions in the procedures of liner impedance eduction.

The length of the liner sample and, accordingly, its holder
depends on the method used for determining the liner im-
pedance and the frequency range of the setup. For example,
if a single-mode method for determining impedance is used
[17], then in the center of the test section it is enough to place
one microphone (also at the entrance to the test section there
is a reference microphone, relative to which the phase is de-
termined). To exclude the presence of the transverse modes
arising at the joints of the impedance and rigid walls on the
microphone, it should be placed from the joints at a distance
(4..5)d. Based on these conditions, the length of the li-
ner sample in the single-mode method should be at least
(8...10)d. There is also a popular impedance eduction method,
based on the selection of such an impedance so that the total
discrepancy between the experimental and calculated values
of acoustic pressure on the microphones is minimal [17]. The
method is sensitive to the absorption of sound energy in the
duct (the higher the absorption, the better impedance educ-
tion results). The absorption of sound energy in the duct dec-
reases as the wavelength becomes longer than the sample. In
addition, following factors affect the reduction in absorption
of sound energy: a decrease in the number of layers and their
depth in the liner sample, a decrease in SPL in the duct, and an
increase in the flow velocity. On the other hand, a flow gene-
rates a background noise in the duct, and the noise-to-signal
ratio decreases, which also negatively affects the accuracy of
the impedance eduction. Thus, it is recommended to choose

the length of the liner sample to be equal to a wavelength at
the lower frequency.

Special attention should be paid to the design of the ane-
choic terminations. Their principle of operation is that they
gradually absorb the acoustic energy of the wave traveling to
the exit section of the duct. As a result, the wave reflected from
the exit section has a very small amplitude and, propagating
back into the duct, passes through the anechoic terminations
again, further reducing energy. If the ITGF setup has well-de-
signed anechoic terminations, the amplitude of the reflected
wave is noticeably less than of the incident wave and its con-
tribution to the signals measured is small. The walls of the duct
in a section of anechoic termination are lined with perforated
sheets. The sound waves passing through the holes in perfo-
rated sheets enter the cavity with sound-absorbing material
(usually fibrous materials are used) and decay there. To mini-
mize reflections from each duct cross-section, the impedan-
ce of these cross-sections should be changed very smoothly.
Therefore, the cavity height also changes smoothly along the
duct, i.e. the opening angle a (Fig. 1) should be small, which
leads to a rather large length of the anechoic terminations.

3. DESIGNING BASED ON GAS-DYNAMIC
PRINCIPLES

The flow in a narrow duct can be represented as a classical
flow of a liquid in a pipe, which has been much studied, for
example, in [18, 19]. The analytical solution for a round pipe
has the form [19]:

L =25m= Y 155 ®
where

Uis a velocity at a distance y relative to the pipe axis;

u, is a local shear stress velocity;

vis a kinematic viscosity;

ris a pipe radius.

The transition from pipes with a circular cross-section to pi-
pes of other shape is carried out using the hydraulic diameter
d=4F/s,

where

F is a cross-section area;

S is a wetted perimeter.

However, the analytical solution is applicable only for
steady-state pipe flow. So-called inlet length (the distance from
the initial cross-section at which the velocity profile varies) in a
pipe with the laminar flow can be approximately determined
by the formula [19]:

l;n = 0.03d - Re 9)

where

Re is a Reynolds number. For a turbulent flow, the inlet len-
gth is much shorter than for a laminar flow and is equal to
(50...100)d according to Kirsten’s measurements [20], and
(25...40)d according to Nikuradse’s data [18]. Thus, the inlet
length differs greatly, which may be associated with diffe-
rent initial flow conditions.
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Usually, the length of the ITGF test section is (40...50)d. As a
result, the liner sample is placed on the inlet length. Hence, it
is necessary to take into account this variable velocity profile
in the impedance eduction problem. However, the measure-
ment of the velocity profile over the whole test section of the
ITGF setup is a very laborious task; in addition, the presence of
a measuring probe near the duct wall somewhat distorts the
measurement results. In this regard, one can try to obtain a
velocity profile by numerical simulation, but this requires vali-
dating the numerical model based on the results of the experi-
ment. It is needed to consider the following factors: a flow rate,
design features of the setup, surface roughness, irregularity of
the velocity profile at the inlet, etc. Nevertheless, the velocity
profile obtained in numerical simulation is not ideally accu-
rate, since in a real duct there are inhomogeneities that are
artificial turbulators, for example, joints between the flanges
of the ITGF’s units. On the other hand, if the liner sample was
installed in the field of a constant velocity profile, an analytical
solution could be used to describe the velocity profile.

Let us further analyze the change in the velocity profile on
the basis of numerical simulation to find out where the velo-
city profile becomes constant. The initial configuration of the
duct geometry for the numerical simulation was taken from
the existing ITGF setup at the PNRPU Acoustic Research Cen-
ter. The scheme of this setup is shown in Fig. 4. The base of
the setup is a narrow square duct with a transverse dimension
d=40 mm. The length of the test section in this setup is 51d.
The liner sample is mounted at a distance of 20d from the en-
trance (Fig. 4, section 0). It is possible to install liner samples
with length up to 8d. In sections 1 and 3, permanent Pitot
tubes are installed. In section 2, it is possible to temporarily
install Pitot rake to obtain a three-dimensional velocity profile.

Section 0 Section! Section 2 Section 3

Y
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FLOW Acoustic liner sample Td

§1d

Fig. 4: Scheme of the ITGF for numerical simulation of the flow

Due to the short length of the test section (51d), at the first
stage of the numerical simulation, the length was increased
to 4.5 m. The entrance to the duct remains the same as in the
base model. The computational domain is shown in Fig. 5. At
the entrance, the boundary condition “Inlet” was applied with
a mass flow rate of 0.14749 kg/s. At the exit, the boundary con-
dition “Outlet” with zero excess pressure was applied. On the
wall, we used the “Wall” boundary condition with adhesion.

Inlet

Wall

Flow Qutlet

Fig. 5: Computational domain

To evaluate the influence of the computational mesh on the
solution, 3 meshes were built with the following size of the
element: 1.5 mm; 3 mm; 6 mm. All meshes had a thickening
of elements in the wall region with a growth factor of 1.2. The

height of the first element was 20 um, which provided the va-
lue of the parameter y+ less than 1 for all computations. The
amount of the mesh elements ranged from 0.3 to 12 million.
Fig. 6 shows the mesh at the entrance in the test section of the
ITGF setup.

(a)

Fig. 6: Computational mesh: (a) - element size 1.5 mm, (b) - ele-
ment size 3 mm, (c) — element size 6 mm

The numerical simulation was carried out in Ansys Fluent.
A Steady Pressure-Based solver was used. It was applied the
Shear-Stress Transport (SST) k-w Model, which is well suited
for a wide class of flows [21]. The computations were carried
out under normal atmospheric conditions and without con-
sidering the compressibility due to the low flow velocity. The
computational model was verified at average flow velocity
of 75 m/s, which corresponds to the Mach number M=0.22.
This flow velocity is close to that in turbofan engines in a lan-
ding mode.
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Fig. 7: Flow velocity profile in axial direction for 3 variants of com-
putational mesh: 1 - element size 1.5 mm, 2 — element size 3 mm,
3 —element size 6 mm

To verify the obtained velocity profile it was compared with
the analytical solution. Fig. 7 demonstrates the profiles of the
flow velocity U/Uav, where U is the axial velocity taken on the
duct axis, Uav is the axial velocity averaged in the cross-section
in section 2. The section from -25d to 0 is located before the
duct entrance. A narrow duct is located from 0 to 80d, where
all the results are considered. One can see a slight difference
between the results on different meshes, which does not ex-
ceed 1%.

Additionally, the profile of a transverse velocity at a point
75d was considered. At this point, the velocity profile can al-
ready be considered steady, and it gives the possibility to com-
pare the results of numerical simulation with the analytical so-
lution (8). Fig. 8 shows the velocity profiles at point 75d. It can
be seen that these profiles are weakly dependent on the mesh
density (for the considered variants) and are very close to the
analytical solution - the discrepancy between the results does
not exceed 1%.
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Fig. 8: Profile of a transverse velocity at point 75d: 1 — element size
1.5 mm, 2 - element size 3 mm, 3 — element size 6 mm 4 - analy-
tical solution (8)

Based on the studies conducted, a computational mesh with
element size of 3 mm was selected for further computations.

Fig. 9 shows the velocity profiles for the sections shown in
Fig. 4 and for the section at point 60d. When the flow enters
the channel, the velocity profile is almost uniform and the ve-
locity on the axis is equal to Uav. Near the walls, the velocity
increase slightly due to a change in the channel cross-section
from conical to square. Near the wall, the flow velocity sharply
decreases and at the wall becomes equal to 0. Along the cha-
nnel, the velocity on the axis increases almost uniformly and
its profile stretches due to the deceleration of the flow at the
wall. At a point 37d, the collapse of the boundary layers occurs,
which is accompanied by active mixing and decrease in veloci-
ty along the channel (it can be seen in Fig. 9 that the profile at
point 60d has become less elongated). Starting with 60d, the
velocity profile can be considered constant.
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Fig. 9: Evolution of the transverse velocity profile

The effect of various factors on channel flow is discussed be-
low. According to the formula (9), the Reynolds number should
influence the inlet length. To change the Reynolds number,
one can change the Mach number. It was considered the in-
fluence of the value of the average flow velocity at the entran-
ce of the test section on the velocity profile. Additionally, the
computations were carried out for velocities of 0.1 and 0.3 M,
at which the flow can still be considered incompressible. The
results are presented in Fig. 10. It is seen that the velocity value
at the entrance has little effect on the changes in the velocity
profile along the channel. As the velocity increases, the profile
changes more slowly along the channel length, however, the
effect does not exceed 0.5d and 0.01Uav.
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Fig. 10: Influence of the average flow velocity at the entrance
of the test section on the change in the velocity profile along
the channel

Various design features of the setup can also influence the
velocity profile. For example, a convergence angle of the cha-
nnel inlet, or the expanding channel behind the test section of
the setup. The convergence angle for the existing ITGF setup
is 50. Additionally, computations were carried out at the con-
vergence angle B (Fig. 11) equal to 2.5° and 10°. To analyze the
effect of the expanding channel, it was used the design of the
existing ITGF setup, the narrow channel of which has a length
of 51d, and then it expands. Fi. 11 shows the influence of the
angle B on the change in velocity profile along the channel. It
is seen, that this factor has no significant effect on the length
of establishing a constant velocity profile.

Fig. 11: Effect of the angle 3 on the velocity along the channel:
1 —existing ITGF setup, 2 - B=10°, 3 - 3=5°,4 - 3=2.5°

In practical terms, the channel cannot be considered as
a hydraulically smooth pipe. The roughness of the walls le-
ads to the fact that the resistance is higher than when using
expression (8). In this regard, flows in pipes with roughness
are of great practical importance and have been the subject of
numerous studies; a review of such works is presented in [22].

Generally, the sand roughness is considered. In the case of
technical roughness, the resistance is usually much higher
than when considering sand roughness. To convert the tech-
nical roughness to the equivalent sand roughness, it is requi-
red to know the roughness parameters of the real wall. In this
work, computations are performed for relatively high values
of the equivalent sand roughness, which can be close to the
real roughness in the ITGF setup. Sand roughness heights H of
100, 200, and 500 um are considered. The results are shown in
Fig. 12 and Fig. 13. As can be seen, the surface roughness leads
to a much faster change in velocity in the channel. In this case,
the velocity profile becomes constant faster with increasing
roughness.
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Fig. 12: Influence of roughness on the change in velocity along the
channel: 1 - hydraulically smooth pipe; 2 - H=500 um; 3 - H=200
um; 4 -H=100 um

Fig. 13 shows the velocity profile at section 2, located in the
area of the liner sample (Fig. 4). One can see that the shape
of the profile changes significantly. At the same time, at the
maximum of the considered roughness heights, the profile be-
comes constant only behind a section 45d. Unfortunately, the
effect of the real roughness on the velocity profile can only be
determined in an experiment on the real ITGF setup. Thus, to
ensure that the sample is located in the region of the constant
velocity profile, the length of the test section to the sample
should be increased to at least 60d.
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Fig. 13: Influence of roughness on velocity profile in section 2
(Fig. 4): 1 - hydraulically smooth pipe; 2 - H=500 um;
3-H=200um; 4 -H=100 um

Most of the known ITGF setups have shorter test sections to
the liner sample. In part, this can be attributed to the fact that
the velocity profile in the ducts of the aircraft engine has no
time to become constant due to the short channels, and the
samples of the developed acoustic liner must still be tested in
conditions close to the conditions of real operation. However,
experimentally obtaining a flow with a constant velocity pro-
file in the ITGF's channel would be a very convenient option in
the setup to conduct scientific research. For example, to verify
the new models of the impedance boundary condition, where
knowledge of the velocity field is required, it is convenient to
use the known analytical solutions for a steady flow. In gene-
ral, on the basis of the recommendations given in the article,
the developers of the new impedance tubes with grazing flow,
depending on the purposes of its application and the availa-
ble capabilities, can choose the required test section length to
the liner sample.

4. CONCLUSION

On the basis of the analytical solution of the Helmholtz con-
vective equation, the main recommendations for the selection
of the parameters of the impedance tube with grazing flow
(ITGF) are considered. The following recommendations are
given: the spacing between the microphones, the distances
from the outermost microphones to the edges of the liner
sample and to the acoustic driver section, the length of the
liner sample depending on the method of the impedance de-
termination.

The work also analyzes the change in the flow velocity profi-
le along the channel and the influence of various factors on it.
The analysis was carried out on the basis of numerical simula-
tion of the flow in the channel of real design of the ITGF setup.
At the first stage of computations, the channel was represen-
ted as a long hydraulically smooth pipe. In this case, a good
agreement of the velocity profile with the analytical solution
was obtained. Further, on the basis of the constructed model,
the analysis of the factors influencing the velocity profile was
carried out. The influence of the Mach number, design featu-
res of the setup, and the roughness of the channel walls were
considered. It can be concluded that the greatest contribution
to the velocity profile change is made by roughness. In this
case, for the largest of the considered roughness heights, the
velocity profile becomes constant over a length of 45 channel
diameters. Since the effect of the real roughness on the veloci-
ty profile can only be determined in an experiment on the real
ITGF setup, to ensure that the acoustic liner sample is located
in the area of the constant velocity profile, it is recommended
to increase the length of the test section to the sample up to
60 channel diameters.
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