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Study and Experimental Tests of Fibrous Acoustic Treatment
for Reduction of Fan Noise from XF3-1 Turbofan Engines
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and
K. Ishizawat and K. HigashiJ
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The characteristics of an acoustic treatment employing fibrous material and its effect on fan noise reduction
radiated from a turbofan engine have been studied. The predominant feature of the treatment is that it is
composed of a fibrous layer backed with an air cavity, which facilitates control of the acoustic impedance of the
treatment. This paper presents the design procedures for the treatment developed through this study and the
results of the tests made to investigate its mechanical and acoustic properties. As a result of acoustic tests using
the XF3-1 turbofan engine, it is shown that both discrete and combination tones of the fan can be attenuated
effectively by the treatment.

Introduction

ALTHOUGH it is generally recognized that fibrous bulk
materials exhibit excellent properties as acoustic

treatments, some problems remain to be solved before the
materials can be adopted for practical applications. One of
these problems is that fibrous materials absorb water, fuel,
dirt, etc., which results in deterioration in acoustic ef-
fectiveness. It is also of concern to the designers of acoustic
treatment whether such materials have enough mechanical
strength to withstand the severe environments of aircraft
engines.

Recently, however, some fibrous materials have been
shown to have the potential for practical applications. A
Kevlar felt used in this study is one such material. The
mechanical endurance properties of the felt were investigated
through such environmental tests as a high-speed air blast,
burnthrough, ultraviolet irradiation, and icing. The results of
these tests showed that the material has good mechanical
properties as an acoustic treatment for actual engines.

Another problem is that acoustic design of such a treatment
is usually based on empirical data without the theoretical
understanding to relate the acoustic properties to the physical
particulars of the material. Therefore, a method to calculate
the acoustic properties of the fibrous treatment from its
physical properties was considered.

After these preliminary studies, the acoustic treatment to be
used in the engine tests was designed. The treatment is
composed of a layer of the Kevlar felt with an air cavity
behind it. The fan inlet and exhaust treated ducts were
designed, fabricated, and acoustically tested using an XF3-1
turbofan engine at an outdoor test facility. Since the engine
has a relatively low bypass ratio of 1.9, the engine noise is
dominated by jet noise at maximum power in the aft
quadrant. Consequently, jet noise was also reduced by mixing
the fan and core streams using an internal mixer.

The acoustic data obtained in the tests showed a broad
attenuation bandwidth by the acoustic treatment and
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significant jet noise reduction effectiveness of the internal
mixer.

Engine
The XF3-1 (Fig. 1) is a twin-spool, axial flow turbofan

engine with a maximum rated thrust of 1200 kg (2650 Ib), a
bypass ratio of 1.9, and a fan pressure ratio of 1.67. The
engine consists of a single-stage fan and a five-stage com-
pressor driven by single-stage high- and low-pressure turbines,
respectively. The fan has 30 blades and 44 stator vanes with a
rotor/stator axial spacing of 3 cm (1.2 in.). The fan is 57 cm
(22.4 in.) in diameter. The fan tip relative Mach numbers
corresponding to the three fan speeds (10,000, 12,000, and
14,700 rpm) at which the acoustic tests were performed are
0.94, 1.11, and 1.34, respectively. The engine has no inlet
guide vanes, which augments the fan noise generation.

Noise Reduction Devices
Acoustic Liner

The acoustic treatment used in this research features a
fibrous bulk material (Kevlar felt) combined with an air cavity
and protected by a perforated aluminum sheet as shown in
Fig. 2. The reason for providing the treatment with an air
cavity is that the acoustic properties (especially acoustic
reactance) can be easily controlled by changing its depth, as
will be discussed later.

In order to establish the design procedure for the acoustic
treatment mentioned above, the method to predict the
acoustic properties from its principal particulars (i.e., the
density and thickness of the fibrous material, depth of the air
cavity, etc.) was developed at the beginning. This was done
using the expressions from Ref. 1 to predict the material's
characteristic impedances and propagation constants for the
sound propagating in a soft blanket, and considering the
boundary conditions in terms of the sound pressure and air
particle moving velocity continuation at interfaces between
the material and the air. Figure 3 shows the comparison in
acoustic properties between the prediction and the data
acquired using a standing-wave impedance tube. The
prediction method is in reasonable agreement with the
measured results if the acoustic liner behaves as a locally
reacting one. It is not expected that the liners actually used
behave strictly as local reacters, in the sense that the cavity is
not divided into Helmholtz-like resonators. However, for
simplicity, this method was used to determine the parameters
of the acoustic treatment exhibiting the desired impedance.
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Fig. 1 Schematic section of XF3-1 turbofan engine.
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Fig. 2 Structure of acoustic treatment.
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Fig. 3 Comparison of predicted acoustic properties of treatment
with measurement (p = 0.1 g/cm3, t = 5 mm, d = 20 mm).

On the other hand, the effects of the material density, the
air cavity depth, and the material thickness on the acoustic
properties were investigated by measuring the acoustic im-
pedances of the treatments over a wide range of these
parameters using a standing-wave impedance tube. Figure 4a
indicates that varying the material density while keeping the
other parameters constant results in a remarkable change in
acoustic resistance with only a slight variation in acoustic
reactance. Figure 4b shows that varying the air cavity depth
results in a variation in acoustic reactance with little variation
in acoustic resistance. Figure 4c indicates that varying the
material thickness results in major changes in both. From

these results, it is considered that the acoustic resistance and
reactance of the treatment with an air cavity can be controlled
separately by changing material density and cavity depth,
respectively, thus making it easy for the designer to select the
parameters of the acoustic treatment that meet the
requirements in terms of acoustic properties.

Next, the optimum impedances for the acoustic liners to be
applied to the XF3-1 engine were determined using the
procedure from Ref. 2. The procedure is based on the analysis
of the sound propagation in a circular duct in which, although
the effect of the boundary layer is not taken into account, that
of the mean flow is. The blade passing frequency at maximum
power (7350 Hz) was selected as a design frequency. Figure 5
shows the variation of the optimum impedance with the
circumferential mode number m for the propagating con-
ditions at the fan inlet duct. Although the modal energy
distribution of the inlet fan noise is not clear, the optimum
impedance was determined assuming that the energy was
concentrated in the mode whose circumferential lobe number
is equal to the number of fan blades—something likely to
occur in the case of forward radiated noise from the fan
without inlet guide vanes ingesting an undistorted flow. Thus,
the optimum impedance selected for the fan inlet liner was
2.6-0.63 /. The optimum impedance for the fan exhaust liner
was determined in a similar way. In this case, however, the
least attenuated mode was assumed to be dominant, based on
the results of the authors' earlier study.2 The optimum im-
pedance selected for the fan exhaust liner was 0.78-0.39 /.

Then, the leading particulars of the acoustic treatments to
have the properties mentioned above were determined using
the method stated earlier. The results are shown in Table 1.
The acoustic properties of these treatments were demon-
strated by impedance tube tests to satisfy the acoustic
requirements.

Acoustic liners were fabricated using the Kevlar felt
treatment with epoxy resin and covered with a perforated
sheet with an open area ratio of 30%, which is large enough to
avoid effects on the acoustic properties of the material. The
length of the fan inlet liner was 45 cm (17.7 in.) and the ratio



476 SASAKI, ISHIZAWA, AND HIGASHI J. AIRCRAFT

UJ
o
"Z.

I/) _ <
LLl
CC

-fr-

j

REACTANCE
o p=0.1g/cm

A 0.3

a)
0.5 1 3

FREQUENCY(KHZ)
5-

. . 4 -

3-

2 -

b)

2s 1
UJo:
? 0a
UJ

2-i
tn
tO — o
UJ Z

a:

-3

-4

r\ RESISTANCE xJTN*

- ̂ ^^^^^^7^
**-•"#'' \

*• £r \
'**" &'' /o-r-'

^^^' /^ **' #•' /°'/ ' ^
' *'*' / * ?'"

/ o o d = 1 0 mm

/ /REACTANCE * 2°
</ / A 30

c/X

1 i i i i I i i i l i i
° 0 . 5 1 3 5

5

4

FREQUENCY (KHZ)

-

LUu 2
|S
< 1
UJ
CC

I °
LU

^-1

S

| -2

-4

-5

/

,-^ ,<r^

REACTANCE

o t = 5 mm
0 10
A 20

0.5 1 3 5
c) FREQUENCY (KHZ)

Fig. 4 Effect of leading parameters of treatment on acoustic im-
pedance, a) Density variation (t = 5 mm, </=20 mm), b) Cavity depth
variation (p = 0.1 g/cm3, t = 5 mm), c) Felt thickness variation (p = 0.1

-I5r

-10

-5

10
RESISTANCE

15 20

Fig. 5 Optimum impedance for the XF3-1 inlet treatment at
maximum speed (BPF = 7350 Hz, inlet flow Mach number = 0.4, inlet
diameter = 0.6m).

Table 1 Leading parameters of the acoustic treatment

Parameters
Felt thickness

Cavity depth

Felt density

Fan inlet
treatment

3 mm
(0.1 18 in.)

10mm
(0.394 in.)
0.2g/cm*

(11.91b/ft3)

Fan exhaust
treatment

2mm
(0.079 in.)

12mm
(0.472 in.)
0.2g/cm*

(11.91b/ft3)

of length to duct diameter was 0.75, and the length of the fan
exhaust liner was 25 cm (9.8 in.) and the ratio of length to
duct height was 4.2.
Internal Exhaust Mixer

Since the XF3-1 engine has a relatively low bypass ratio of
1.9, its noise is characterized by jet noise at maximum power
in the aft quadrant. Therefore, jet noise should also be at-
tenuated to achieve sufficient reduction in the total engine
noise.

In order to determine the best way to attenuate the jet noise
of the XF3-1, several kinds of exhaust mixers were tested
from aerodynamic and acoustic points of view using one-fifth
scale models under simulated exhaust conditions. As a result,
the internal mixer was selected because its large noise at-
tenuation resulted in the least loss of aerodynamic per-
formance. It was also preferable because its installation
required the least modification and therefore the lowest
weight increase in the engine.

The internal mixer for the full-scale engine tests was
designed using the experimental data obtained through the
scale-model tests mentioned above. The mixing nozzle
(located in the outer duct and used to mix the bypass and core
streams) has 12 lobes. This number of lobes was determined
from a manufacturing point of view, although it has been
shown that the greater the number of lobes, the higher the
noise attenuation. (Needless to say, the pressure loss also
increases as the number of lobes increases.) The areas at the
mixing plane of the two streams were determined so that the
static pressure of the streams at the discharge would be equal
in order to eliminate undesirable effects on engine operation
resulting from a mismatch of high- and low-pressure systems.
Mixer shapes were determined so as to eliminate local flow
separation due to the excessive flow turning and diffusion
rate.

Acoustic Tests
Test Facility and Instrumentation

The acoustic tests were conducted to investigate the
characteristics of the XF3-1 engine noise and the effectiveness
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110r

100-
UJ
>
UJ

90-
UJcrz>

12 80
cr
Q.
Q

§ 7 0
8

60

a)

r
-Q-

OASPL FAN SPEED

n 14700 RPM
o 12000
v 10000

100

BPF
v o n

I U

500 IK
FREQUENCY(HZ)

5K 10K

CASE IV COANNULAR NOZZLES REPLACED
BY INTERNAL MIXER

CASE Y INLET ASSY REPLACED BY TREATED INTAKE

Fig. 6 Acoustic test configurations.

120r

>
UJ

Sno

Q.

Q

MOO

90

FAN SPEED

n U700 RPM
o 12000
v 10000

22.5 45 67.5 90 112.5 135
ANGLE FROM I NLET AXIS (DEC)

157.5

Fig. 7 Directivity of XF3-1 engine noise in the baseline configuration
(case I) measured on a 30 m radius.

of the noise reduction devices at an outdoor test facility. The
test area is paved with concrete in the vicinity of the engine
stand and the other portion of the area is covered by a dead
grass.

The XF3-1 engine was hung up to a test stand 1.8 m (6 ft)
above the ground. The engine was controlled and monitored
at a control room located 15m (50 ft) from the engine.

Eight 12.7 mm (1A in.) condenser microphones were
positioned 1.2 m (4 ft) above the ground at 22.5 deg intervals
from 0 to 157.5 deg (measured from the engine inlet axis) on a
30 m (150 ft) radius.

The microphone signals were transmitted to the noise
measuring room through shielded cables and amplified for
frequency modulation recording on an Ampex 1300A data
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Fig. 8 Baseline engine noise spectra, a) Forward quadrant (at 45 deg
on a 30 m radius), b) Aft quadrant (at 135 deg on a 30 m radius).

recorder. The acoustic system was calibrated using a 124 dB
reference signal generated by a pistone phone before each
engine run.

Test Procedure
Five configurations shown in Fig. 6 were tested in this

investigation. The baseline (case I) is the unsuppressed
configuration and consists of a flight-type intake resembling
the inlet section of an actual nacelle, hard wall fan exhaust
ducts, and coannular exhaust nozzles. Other configurations
were developed by replacing these devices with others
adopting noise reduction concepts. Through these tests, the
noise attenuating effectiveness of the fan inlet and exhaust
acoustic liners and the internal mixer was investigated by
comparing one configuration to the other.

The engine was run at three fan mechanical speeds, i.e.,
10,000 (68%), 12,000 (82%), and 14,700 (100%) rpm; thrusts
at these speeds in the baseline configuration were 350 kg (772
Ib), 680 kg (1500 Ib), and 1160 kg (2560 Ib), respectively.
Noise measurement was carried out in ascending order of fan
speed and this measurement series was repeated twice in each
configuration.

Results and Discussion
One-third octave band analyses were performed by playing

back the magnetic tapes containing the microphone signals
obtained during the acoustic tests. On the basis of these
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Fig. 9 Sound pressure attenuation spectra of the treatment on ad-
ditional inlet duct at 45 deg.
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Fig. 10 Comparison of attenuation spectra of the treatments on
additional inlet duct and integrated to the intake at 45 deg and
maximum power.

analyses, the characteristics of the baseline unsuppressed
engine noise, the effects of the noise reduction devices on
them, etc., are discussed below.

Baseline Engine Noise
Figure 7 shows the directivities of the overall sound

pressure level (OASPL) of the XF3-1 engine in the baseline
configuration (case I) at the three fan rotor speeds. Although
the noise levels in the forward and aft quadrants are almost
the same at low- and medium-power settings (10,000 and
12,000 rpm), the aft-quadrant noise becomes dominant at
maximum power (14,700 rpm).

To investigate the characteristics of the noise in both
quadrants more closely, the one-third octave band spectra at
the 45 and 135 deg positions are shown in Figs. 8a and 8b,
respectively. At 45 deg, it is indicated that the noise is
dominated by the fan blade passing frequency (BPF) tone and
its harmonic from low to maximum power with significant
contribution of the multiple pure tones (MPT) around 2 kHz
at maximum power.

On the other hand, at 135 deg the BPF tone is remarkable
only at low and medium power and the dominance in the aft-
quadrant noise is taken over by the overwhelming jet noise at
maximum power. The significant increase in the aft-quadrant
OASPL at maximum power is due mainly to the contribution
of jet noise.

Effectiveness of Fan Inlet Treatment
As was shown by the schematics in Fig. 6, the fan inlet

acoustic liner was tested in two forms. One was on a separate
duct as in cases III and IV and the other was integrated onto
the flight-type intake as in case V. In the former cases, the
total length of the inlet assembly including the hard wall
portion was twice that of the latter case, although the liner
lengths were the same in both cases.
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Fig. 11 Sound pressure attenuation spectra of fan exhaust treatment
at 135 deg.
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The effect of the treated extra duct is shown by the at-
tenuation spectra at 45 deg in Fig. 9 (obtained from the
comparison of cases III and II). There are attenuation peaks
at the BPF and its harmonic at all fan speeds is shown and, in
addition, another peak is observed at the frequency region
corresponding to the MPTs (in the vicinity of 2 kHz) at
maximum power.

The treatment has higher BPF attenuation at 10,000 rpm
than at the other two speeds in spite of the selection of the
design frequency at the maximum power BPF. This is
probably because the BPF tone of 10,000 rpm consists of a
mode with a lower cutoff ratio than at higher power, thus
having higher maximum possible attenuation.

Of more interest from a practical point of view is the
performance of the treatment integrated to the flight-type
intake. Figure 10 shows a comparison of the attenuation
spectra of the treated separate duct and the treated flight-type
intake at maximum power. (The latter attenuation spectrum
was obtained by comparing cases V and II.) The integrated
fan inlet treatment exhibits almost the same attenuation
against the BPF and slightly less attenuation against the
MPTs compared with the treated separate duct.

Effectiveness of Fan Exhaust Treatment
The effect of the fan exhaust treatment on the engine noise

is shown in Fig. 11 by the attenuation spectra for the three fan
speeds (the result of comparison of cases II and I). All of the
attenuation spectra have peaks at BPF as do those of the fan
inlet treatment. However, because the MPTs are not as
significant in the aft quadrant as in the forward quadrant, no
obvious peak can be observed at MPT frequencies.

The peak attenuation at the BPF is highest at 10,000 rpm
and decreases with the increase of engine power in spite of the
treatment design frequency selected at the BPF corresponding
to maximum fan speed. This may be because that the BPF
tone at the lower fan speed is of the lower frequency
parameter, or the ratio of duct width to wavelength, and thus
has the higher maximum possible attenuation
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Effectiveness of Internal Mixer
The noise reduction effectiveness of the internal mixer is

shown in Fig. 12 by the attenuation spectra for the three fan
speeds at 135 deg (the result of comparing cases IV and III).
At low power, where the jet noise is not so dominant, the
effectiveness of the mixer is not apparent except that a small
peak can be observed at the BPF. With the increase of the
engine power, the attenuation at the low-frequency portion
corresponding to the jet noise becomes more apparent. At
maximum rating, the attenuation was observed over a wide
range of 0.1 to 2.5 kHz with the highest 7.5 dB at 250 Hz.

In addition to the jet noise reduction, the attenuation at the
BPFs is also noted at all speeds. This may result from the
shielding effect on the fan BPF tone caused by the outer case
of the internal mixer.

On the other hand, the comparison of performance data of
the configurations with and without the internal mixer in-
dicated the thrust loss of 4.1% in the configuration with the
mixer at the same fan speed near maximum. This thrust loss,
however, is due mainly to the decrease in total engine airflow
of 3.7%; the increase in specific fuel consumption is only
0.6%. This means that the exhaust nozzle area is a little too
small and a large portion of the loss is expected to be
recovered by closer adjustment of the area.

Conclusions
The acoustic treatment consisting of a fibrous material and

an air cavity has been designed, fabricated, and tested using
an XF3-1 turbofan engine. In the acoustic tests, the noise
attenuation effectiveness of the internal mixer to reduce jet
noise which dominates the engine noise in the aft quadrant at
a high power setting has also been investigated.

The test results showed that the treatment has such a broad
attenuation bandwidth that the fan rotating noise extending
over wide frequencies (i.e., the BPF tones and their harmonics
from low to maximum power settings, and the multiple pure
tones generated at a high power setting) can be attenuated
effectively. It was also shown that the introduction of an
internal mixer to the XF3-1 turbofan engine results in a
significant reduction of the jet noise.
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