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After testing grooved over-the-rotor acoustic casing treatments on a turbofan rotor, a
follow-on study was performed to investigate the effect of flow on grooved acoustic liners.
The experiment was performed to understand the scaling of acoustic liner absorption with
grazing flow and investigate a potential noise source from grooved acoustic liners. Acoustic
liner absorption and reflection characteristics were quantified by examining the reduction
in amplitude of a plane wave traveling over 2 inch liners with grazing flow. For all liners
tested, as the grazing flow Mach number is increased, the absorption curves broadened and
the frequency of peak absorption decreased. Grazing flow over a series of grooves was found
to generate resonances up to 152 dB sound pressure level. Adding acoustic treatment to the
bottom of these grooves was found to reduce the magnitude of this resonance by up to 10 dB
sound pressure level and increase its frequency by up to 10%. The quantification of the grazing
flow effect and identification of a mechanism behind the noise penalty from the prior turbofan
rotor experiment will aid in the design of future over-the-rotor treatments.

Nomenclature

α Absorption Coefficient
θg Geometric Polar Angle, degrees
θe Emission Polar Angle, degrees
L Cavity Length, in
D Cavity Depth, in
x Axial Distance, in
ko Ambient Wavenumber, in−1

kx Axial Wavenumber, in−1

f Frequency, Hz
M Mach Number
n Lengthwise Mode Number
U∞ Free-stream Velocity, in/s
p Complex Pressure
A, B Plane Wave Pressure Amplitudes
T Pressure-Amplitude Transmission Coefficient
R Pressure-Amplitude Reflection Coefficient
SPL Sound Pressure Level, dB (ref. 20µPa)
IL Insertion Loss, dB (ref. hard-wall)
p f Peak Frequency Fitting Factor, Hz
w f Width Fitting Factor
a f Amplitude Fitting Factor, dB
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Subscripts
u Upstream, relative to the flow direction
d Downstream, relative to the flow direction
hw Hard-wall Configuration
L Lengthwise Mode
D Depthwise Mode

I. Introduction
NASA’s aeronautics projects have been developing aircraft engine noise reduction technologies for a number of

years. Fan noise is expected to remain a large contributor to airport noise for advanced subsonic transport aircraft [1].
Over-the-rotor acoustic liners have been shown to reduce sound power level by as much as 4-5 dB [2], but have also
shown significant aerodynamic performance losses [3]. Ultra-high bypass ratio turbofan engines have reduced the area
available for inlet liners, so over-the-rotor liners present an opportunity to further reduce fan noise.

NASA has been developing over-the-rotor acoustic treatments for a number of years. The latest iterations of
over-the-rotor acoustic treatments have incorporated circumferentially grooved fan cases [2, 4, 5] to mitigate the issues
[6] found when subjecting an acoustic treatment to large dynamic pressure fluctuations. The combination of a fan casing
treatment with an acoustic liner led to the desire to isolate the circumferential groove effects from the acoustic liner
effects. Therefore, a series of tests were devised to investigate the impacts of circumferential grooves and acoustic liners
on fan aerodynamic performance and noise.

These tests were performed at various Technology Readiness Levels (TRLs) to further understand the effects of
acoustic liners in the over-the-rotor environment. First, Normal Incidence Tube (NIT) testing was performed in 2015 to
quantify the no-flow impedance of each liner. Then, testing was conducted on the Advanced Noise Control Fan (ANCF)
[7] to quantify the treatment impact on a low speed fan. Finally, the treatments were tested in the W-8 Single Stage
Compressor Facility (W-8) [5, 8] installed over a high bypass, turbofan rotor. In order to isolate the circumferential
groove effect from the acoustic liner effect, testing in all facilities included hard-wall and grooved baseline configurations.
The results from the turbofan rotor test in W-8 showed treatment noise reduction from 2-3 dB inlet in-duct sound power
level (PWL). The peak frequency of this reduction decreased as the fan speed increased. Additionally, a 6-8 dB noise
penalty was measured from 4-8 kHz at lower fan speeds due to the inclusion of circumferential grooves. This penalty
was reduced when acoustic treatments were incorporated into the bottom of the circumferential grooves.

The findings from the turbofan rotor test in W-8 led to interest in investigating the effect of grazing flowMach number
on the frequency of peak noise reduction, as well as the possible causes of additional high frequency (4-8 kHz) noise
due to the inclusion of circumferential grooves over the rotor. Therefore, an experiment was conducted in the Grazing
Flow Impedance Tube (GFIT) at NASA Langley Research Center [9] to further investigate these effects. The GFIT test
was designed to utilize existing 2 inch liner samples of the same treatments tested over-the-rotor. The experiment had
two primary objectives; determine the scaling of over-the-rotor acoustic liner characteristics with grazing flow Mach
number and determine if the noise increase measured in W-8 is due to axial flow over grooves.

While all testing described was conducted in the GFIT, the experiment and results for each objective are presented
separately. First, details of the facility and hardware are presented. Then, the measurements and results from the liner
scaling experiment are presented along with an empirical model fit to the insertion loss results. Finally, results from the
groove noise investigation are presented and discussed.

II. Experiment

A. Grazing Flow Impedance Tube (GFIT)
The test was conducted in the Grazing Flow Impedance Tube (GFIT) at NASA Langley Research Center [9]. The

GFIT facility is used to determine the acoustic characteristics of liners in the presence of grazing flow up to Mach 0.6.
Source levels up to 150 dB SPL can be generated at either end of the test section at frequencies between 400 and 3000 Hz.
For the testing described, the facility was operated in inlet mode where the noise was generated downstream resulting in
flow and sound traveling in opposite directions as shown in Fig. 1. The liners tested were a set originally fabricated for
use in the Normal Incidence Tube (NIT) at NASA Langley Research Center, and are therefore only 2 inches in length.
The 2 inch liners were inserted into the center of the test section with flow normal to the grooves, as shown in Figs. 1
and 2. An array of 95 flush-mounted microphones line the center portion of the GFIT duct. Data acquired from these
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microphones are typically utilized to educe liner impedance. For both the liner scaling and cavity noise experiments,
subsets of these microphones were examined to determine the groove and liner effects.

Flow

Liner

Sound

AdBdAuBu
Acoustic 
Drivers

Fig. 1 Schematic of the Grazing Flow Impedance Tube (GFIT) at NASA Langley Research Center shown as
used for Over-the-Rotor Liner testing in inlet mode (flow and sound traveling in opposite directions).

Fig. 2 A 2 inch by 2 inch over-the-rotor acoustic casing treatment sample.

B. Treatment Configurations
A total of six configurations were tested in GFIT, matching those that were tested in the ANCF [7] and in W-8 [5].

Two baseline fan cases and four treated configurations were used to isolate the circumferential groove effects from the
acoustic treatment effects as depicted in Fig. 3. The first configuration was a hard-wall baseline fan case. The second
configuration consisted of a series of grooves to represent the circumferential grooves tested over-the-rotor [5, 7]. While
sound absorption from this configuration was not expected, it allowed for separation of the impact of the grooves from
the treatment effects. All configurations consisted of sheets of Garolite G10 cut to size and layered axially to create a
liner. Five rows of grooves extend about 2 inches in the axial direction. Each groove is ½ inch deep and ¼ inch wide
with 1⁄8 inch wide ribs between adjacent grooves, as shown in the center of Fig. 3. In the bottom of the grooves, the four
treated fan case configurations had 0.035 inch diameter perforate holes with 10% open area leading to various acoustic
treatments. The four treated configurations, shown in Fig. 4, consisted of one with 0.06 inch perforate depth and empty
1 inch deep chambers (a), one with a ¼ inch perforate depth and 1 inch deep empty chamber (b), one matching the
empty chamber geometry with 80ppi 8% FeCrAlY metal foam in the chambers (c), and one with fins in the chambers to
provide expansion of high amplitude pressure waves (d).

C. Groove Configurations
In order to investigate the noise generated from flow over a series of 5 grooves/cavities, the baseline groove sample

was modified as shown in Fig. 5. By filling some of the grooves, a subset of exposed grooves could be tested. A binary
name is used to define which of the five grooves are exposed; where "00100" denotes only the middle grooves exposed,
"11111" denotes all grooves exposed, and therefore, "00000" would be the equivalent of a hard-wall.
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Fig. 3 Cross-sections of fan case configurations for determining groove and treatment effects.

(a) (b) (c) (d)

Fig. 4 Cross-sections of the acoustic treatments (flow direction is into the page), (a) EmptyChamber Treatment,
(b) Thick Perforate Treatment, (c) Foam Metal Treatment, and (d) Expansion Chamber Treatment.

(a) 00100 (b) 00110 (c) 01110 (d) 11111

Fig. 5 Groove configurations used for the cavity noise investigation.
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III. Liner Scaling with Grazing Flow

A. Analysis
Liner performance is evaluated by comparing the sound levels between the liner configurations and the hard-wall

baseline. The GFIT generates a plane wave that travels down the duct [9]. Impedance discontinuities in the duct can
reflect sound back towards the acoustic drivers. Therefore, the complex pressure, p, at any location in the duct is the
sum of forward and backward propagating plane waves, as shown in Eq. 1, where the axial wavenumber is given in
Eq. 2. Backward propagating plane waves travel with the flow and are denoted by A, while forward propagating plane
waves travel against the flow and are denoted by B as shown in Fig. 1.

p = Aei(ωt−kx x) + Bei(ωt+ikx x) (1)

kx =
ko

1 ± M
(2)

For any two locations, the magnitude of the complex pressure in each direction can be solved via Eq. 3.[
p1

p2

]
=

[
e−ikx x1 eikx x1

e−ikx x2 eikx x2

] [
Aeiωt

Beiωt

]
(3)

The forward and backward plane wave amplitudes were calculated for each the upstream (u) and downstream (d)
ends of the GFIT duct. These quantities on either side of the liner can then be used to calculate a pressure-amplitude
transmission coefficient (T), a pressure-amplitude reflection coefficient (R), and an absorption coefficient (α) as shown
in Eqs. 4-6 [10].

T =
Bu

Bd
(4)

R =
Ad − Au

Bd
(5)

α = 1 − T2 − R2 (6)

In order to evaluate scaling effects of liner concepts, the insertion loss for each treatment is calculated relative to
the hard-wall baseline (Thw), as shown in Eq. 7. The insertion loss includes losses due to both liner absorption and
reflection.

IL = −20 log
(

T
Thw

)
(7)

B. Experiment Summary
The liner scaling experiment was conducted with the GFIT operating in inlet mode with the grazing flow and sound

traveling in opposite directions. For grazing flow Mach numbers from 0 to 0.5 in 0.1 Mach increments, acoustic drivers
generated primarily a plane wave at each frequency from 400 to 3000 Hz in 100 Hz increments. The baseline hard-wall
and baseline grooved liners were tested along with the 4 liner concepts shown in Fig. 4. On either end of the GFIT duct,
data from a series of seven microphones spanning 4 inches axially on the bottom of the duct measured the complex
pressure at each condition. The microphones were located 11 inches from either end of the liner to avoid near field
effects. These measurements were utilized with a least-squares fit to solve Eq. 3.

C. Results
For each Mach number and frequency tested, the transmission coefficient, reflection coefficient, and absorption

coefficient were calculated to determine the effect of grazing flow Mach number on the performance of the over-the-rotor
acoustic liners. Fig. 6 shows the impact of increasing grazing flow on the absorption coefficient for each of the six
configurations. The absorption coefficient for the hard-wall configuration shows the GFIT duct losses increase with
increasing flow speed. The grooved baseline configuration shows elevated absorption at higher frequencies relative
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to the hard-wall baseline. At Mach 0.5 and frequencies above 2200 Hz, the erratic behavior of the grooved baseline
absorption suggests that a higher order mode may be cut on. The grooved configuration has a larger cross-sectional area
which may allow for a cut on mode in addition to the plane wave mode. For the four treated configurations Fig. 6(c-f),
as the grazing Mach number increases, the liner absorption increases and the frequency of the peak absorption decreases.
The absorption curves also broaden (increase in width) as the grazing flow Mach number increases.

The reflection coefficient for each configuration is shown in Fig. 7. As expected, the hard-wall configuration does
not show reflective behavior since there is no impedance discontinuity. While the grooves provide a potential impedance
discontinuity, reflections were not measured over this frequency range. The reflective behavior of the four treated
configurations consists of a reflection that coincides with the frequencies of peak attenuation. The magnitudes of the
reflections decrease as the grazing flow Mach number is increased. A negative reflection coefficient signifies a condition
where the GFIT duct’s upstream termination reflection is larger than the treatment reflection.

The insertion loss includes both the effects of absorption and reflection to show the total noise reduction of these
liners on an inlet observer. The insertion loss relative to the hard-wall baseline also removes the effect of the GFIT duct
losses. Fig. 8 shows the measured insertion loss for each liner configuration. The grooved baseline configuration shows
slightly elevated insertion loss at higher Mach numbers and frequencies with the higher order mode contamination
evident above 2200 Hz. For the four liner configurations, as grazing flow Mach number increases the insertion loss
curves broaden and the frequency of peak insertion loss decreases. The empty and expansion chamber treatments,
Fig. 8 (c,f), show a decrease in the amplitude of peak insertion loss as Mach number increases, due to the decreasing
reflection coefficient. Otherwise, the insertion loss curves are consistent with the absorption curves. While only 2 inch
long liner samples were tested, insertion losses over 10 dB represent a significant reduction in sound level.

D. Empirical Fit Scaling
In an effort to extract the major effects of grazing flow on the acoustic treatments a polynomial is fit to each of the

insertion loss curves from Fig. 8. A second order polynomial was chosen to simplify the curve into a width factor, w f ,
peak frequency factor, p f , and an amplitude factor, a f , as shown below in Eq. 8. A least-squares fit is applied to the
data which ignores insertion losses below 2.5 dB. This fit was applied for each treatment configuration at each Mach
number. A sample curve fit is shown in Fig. 9.

IL = −
( f − p f )

2

w f
+ a f (8)

The effect of Mach number on these curve-fits is evaluated by examining the width, peak frequency, and amplitude
factors over the range of grazing flow Mach numbers from 0 to 0.5. The effect of Mach number on each of these factors
is shown in Fig. 10. The increasing trend of the effect of Mach number on the width factor (w f ), Fig. 10 (a), quantifies
the broadening of the noise reduction curve as flow Mach number is increased. The foam metal treatment is offset from
the others because it exhibited a broader noise reduction curve even without flow. The effect of Mach number on the
peak frequency factor (p f ), Fig. 10 (b), shows a reduction in peak frequency as Mach number increases, with a similar
slope for all treatments. The effect of Mach number on the amplitude factor (a f ), Fig. 10 (c), shows a reduction in the
peak insertion loss as grazing flow Mach number is increased for the empty and expansion chamber concepts, which
was noted to be due to a decreasing reflection coefficient. However, the peak absorption coefficient tends to increase
with increasing grazing flow Mach number.

The curve fit factors in Fig. 10 are useful for correlating no flow impedance tube measurements with data from a
liner installed in a turbofan engine. These factors may be used in a design process to define frequency of peak insertion
loss at an expected Mach number and determine the target peak frequency for no flow peak impedance measurements.
Since the treatment effectiveness is a combination of the width factor and amplitude factor, the sensitivity of these to
grazing flow Mach number can then be used to estimate the expected insertion loss from no flow Normal Incidence
Tube measurements.
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(c) Empty Chamber Treatment (d) Thick Perforate Treatment
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(e) Foam Metal Treatment (f) Expansion Chamber Treatment

Fig. 6 Absorption coefficient with increasing grazing Mach number for each configuration.
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(c) Empty Chamber Treatment (d) Thick Perforate Treatment
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(e) Foam Metal Treatment (f) Expansion Chamber Treatment

Fig. 7 Reflection coefficient with increasing grazing Mach number for each configuration.
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(c) Empty Chamber Treatment (d) Thick Perforate Treatment
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(e) Foam Metal Treatment (f) Expansion Chamber Treatment

Fig. 8 Insertion loss relative to hard-wall with increasing grazing Mach number for each configuration.
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Fig. 9 Sample polynomial fit to insertion loss data for the Expansion Chamber Treatment at Mach 0.1.
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Fig. 10 Effect of grazing flow Mach number on polynomial fit factors from Eq. 8 for each liner configuration.
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IV. Cavity Noise Investigation
Testing of acoustic casing treatments over a turbofan rotor showed that at low fan speeds (<61.7% design speed) the

circumferential grooves created an additional 5-7 dB in-duct sound power level between 4 and 8 kHz [5]. One possible
source of this could be noise generated from axial flow over the circumferential grooves. In order to investigate this in
the GFIT test, data from near-field microphones are analyzed with flow over the grooves and the acoustic drivers off.

A. Analysis
Cavity noise simulations and experiments have investigated the mechanisms driving resonances from flow over

cavities. Rossiter [11] identified two types of unsteady oscillations in cavities; oscillations from unsteady separation
dominate in shallow cavities (L/D > 4), and acoustic cavity resonances dominate for deep cavities (L/D < 4). Block
[12] denoted these oscillations as lengthwise and depthwise, and found tones were concentrated around frequencies
where these two mode types intersected. The lengthwise oscillations are formed when flow vortices in the shear layer
from upstream edge of the cavity impact the downstream edge of the cavity. The sound waves generated from this
impact travel upstream where they induce vertical motion in the shear layer driving a feedback loop. The expected
frequencies associated with the lengthwise oscillations were found to be related to the flow Mach number (M), the real
part of the axial wavenumber of the disturbance traveling downstream, and the cavity length-to-diameter ratio (L/D).
The mode number (n) denotes the number of oscillations in the cavity length. The expected frequency for lengthwise
oscillations provided by Block [12] is shown below in Eq. 9.

fL =
U∞
L

n
1

0.57 + M
(
1 + 0.514

L/D

) (9)

Depthwise modes are acoustic cavity modes that are insensitive to flow Mach number and scale with the depth of
the cavity. The expected frequency for the depthwise mode given by Block [12] is shown below in Eq. 10.

fD =
U∞
L

0.25

1 + 0.65
(
L
D

)0.75 (10)

B. Experiment Summary
In order to evaluate the noise generated from flow over the 2 inch wide grooves, time-series data were acquired from

13 microphones nearest the treatment as shown in Fig. 11. The time-series data were acquired at a 25.6 kHz sample
rate and processed to narrowband Sound Pressure Level (SPL) spectra with a 214 samples per window resulting in a
frequency bin width of 1.6 Hz. The geometric directivity angles (flow direction is θ = 180◦) are utilized to compute
emission angles (θe) as shown below to determine source directivity [13, 14].

θe = θg − arcsin(M sin(θg)) (11)

The Mach numbers presented in this section are the Mach number over the lined section of the GFIT duct. Data
were acquired for each of the groove configurations shown in Fig. 5 to investigate the sources of groove/cavity noise and
for the four treated configurations shown in Fig. 4 to evaluate the effect of acoustic liners on groove noise.

C. Results
The source of cavity noise from flow over a series of grooves is investigated by comparing spectra with a varying

number of cavities exposed to the flow. Figure 12 shows the resulting spectra measured at the upstream near-field
microphone (θg = 40◦) from Mach 0.2 to 0.44. The predicted frequencies for lengthwise (Eq. 9) and depthwise
(Eq. 10) oscillations are plotted as blue and black dashed lines. While the series of grooves provides many combinations
of forward and backward facing steps, the assumed length of 1.75 inches for the lengthwise mode calculation is the
total length for a series of 5 grooves. As found by Block [12], the dominant tone is found around the intersection of
lengthwise and depthwise modes. The dominant tone was measured to be in excess of 150 dB SPL at Mach 0.44. While
a single groove did not generate much more noise than the hard-wall noise levels, the inclusion of more grooves in
series produced increasingly louder tones.

The tone directivity, as shown in Fig. 13 is evaluated by plotting the tone amplitude as a function of emission angle
(θe) computed for each of the microphones circled in Fig. 11. It is assumed that the measurements are in the near-field
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Fig. 11 Near-field microphones used for the investigation of groove noise.

and therefore, the directivity can be evaluated before the sound coalesces into duct modes. At each grazing flow Mach
number, the dominant tone frequency was identified. Noise generated from lengthwise cavity modes is expected to
propagate upstream [11, 12], while noise from a depthwise cavity mode propagates at θe = 90◦ [15]. In Fig. 13, the
dominant tone propagates upstream in all cases except at Mach 0.37, which is around the expected intersection of the
lengthwise and depthwise modes. The cavity tone frequencies align with the frequencies where additional noise was
present in the W-8 results [5] suggesting the source of additional noise from circumferential grooves may be due to
cavity resonances. While these results show large hay-stacked tones, the noise penalty measured in W-8 appeared to be
more broadband. This is believed to be due to the interaction of the fan blade sweeping over the grooves.

In order to evaluate the impact of acoustic treatments installed at the bottom of the grooves, spectra are plotted from
an upstream (θg = 40◦) near-field microphone for each flow Mach in Fig. 14. The inclusion of the acoustic treatments
reduced the amplitudes by up to 10 dB SPL and increased the resonance frequencies of the cavity resonance by up to
10%. The liner impedance at the bottom of the grooves has the ability to absorb some of the flow oscillations and alter
the resonance feedback path. When installed over a turbofan rotor [5], these liners similarly reduced the noise generated
by flow over grooves. Over-the-rotor, this noise source is likely mitigated at higher fan speeds when the blade passing
impedes the feedback path required for a cavity resonance.
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Fig. 12 Sound Pressure Level (SPL) spectra from flow over a series of grooves/cavities with increasing grazing
flow Mach number measured at θg = 40◦ with predicted cavity resonance frequencies identified.
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Fig. 13 Directivity of the dominant tone at each Mach number. *Assumes measurements are near enough to
evaluate source directivity.
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Fig. 14 Effect of acoustic liners on cavity noise measured at θg = 40◦ for each grazing flow Mach number.
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V. Conclusions
Testing of over-the-rotor acoustic casing treatments was completed in the Grazing Flow Impedance Tube at NASA

Langley Research Center. Data were acquired to understand the scaling of acoustic liner absorption with grazing flow
and to investigate the noise created from flow over a series of grooves.

Two inch long acoustic treatment samples were found to provide as much as 14 dB plane wave absorption. For all
treatments tested, as the grazing flow Mach number increased, the absorption curves broadened and the frequency of
peak absorption decreased. While the peak absorption coefficient increases with increasing flow Mach number, two of
the liners tested showed a decreasing insertion loss due to a reducing reflection coefficient. Insertion loss curves were fit
with a polynomial to help quantify and correlate the effect of flow on these acoustic liners. The polynomial fit factors
can be used to aid the design of turbofan liners.

Flow over grooves was found to generate cavity resonances in the same frequency range measured when the grooves
were installed over a turbofan rotor [5]. The cavity resonances appear most dominant at the intersection of lengthwise
and depthwise cavity modes, as was previously shown by Block [12]. These resonances generated tones as loud as
152 dB SPL. The noise increase over a turbofan rotor appeared more broadband, likely due to the interaction of this flow
oscillation with the passing blade tips. The inclusion of acoustic liners installed below the bottom of the grooves were
found to reduce the amplitude (by up to 10 dB) and alter the frequency (by up to 10%) of the cavity resonance. This
noise reduction due to the acoustic liners is similar to what was seen when installed over a turbofan rotor. Over the rotor,
this noise source was eliminated at higher fan speeds when the blade passes frequently enough to impede the feedback
path required for a cavity resonance.

The experiments conducted further the understanding of the effects associated with circumferentially grooved
over-the-rotor acoustic treatments by quantifying the impact of grazing flow on liner characteristics and identifying the
source of a potential noise penalty.
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