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FULL~SCALE ENGINE TESTS OF BULK ABSORBER ACOUSTIC INLET TREATMENT

by L. J. Heidalberg* and L. Homyak**
Natienal Aeronauties and Space Adminilstration
Lewls Research Center
Cleveland, Ohde 44135

Abstract

Three different densities of Kevlar bulk ab-
sorber fan inlet trestment were tested on a Y 102
turbofan engine., This bulh absorber material may
hove potential for flight application., Far-field
neise measurements were made and the attenuation
properties of the three treatment densitles were
compared. In addicion the best bulk treatment was
compared to the best single depgree of freedom, SDOF
{honeycomb and perforated cover sheet) treatment
from another investigation. Although the density
wos varied over a large range, (3 to 1) the effect
on attenuation was small:, The highest denaity
trentment, 11.8 1b/ft3, had a somewhat broader at-
tenvation bandwidth. The comparilson of the best
biulk and SDOF trestments showed the bulk to have a
greater attenuation bandwidth. At the design fre-
quency both types of treatment had almost equal
performance.

Introduction

Bulk absorber type acoustic kreatment has
yielded encouraging results in cngine and scale
model tests. Howeyer, most bulk absorber materials
have not been considered fox flight hardware be-
cause of problems with accumulation of dirt, grease,
water, fuel, ete., in the absorber material. One
bulk absorber materinl, developed by the CGeneral
Electric Company, may have the potential for flight
application. This material is a Kevlar felt
treated so as to be nonabsorbing and nonwicking
with the common £luilds In the engine caviroament.

The acoustic design of bulk absorber liners
is presently based on test dats with little or no
theoretical understanding, Many questions as to
how to design, and what perfermance to expect from
bulk liners remain. 1In additlon, there is little
data to pulde the formation of theoretical models
for the bulk absorbers. To som: extent the lack
of a precise deaipn methed is offset by the most
encouraging property of bulk absiorbers, namely a
broad attenuation bandwidth. Important objectives
of this investigation were to ¢btain data on the
effect of bulk density on acoustic suppression and
to directly ecompare the performance of bulk and
single degree of freedom (SDOF) liners.

Three different densities of Kevlar bulk ab-
sorber were tested for acoustic suppression per-
formance on an Avce Lycoming YF 102 turbofan engine
inlet. Empirical methods were used to define the
desired acoustic impedance for maximum suppression
of the blade passing frequency (BPF) of the fan
near the maximum power setting. No attempt was
made to maximize the perceived noise level reduc-
tion. The bulk liner designs arec based on Ref. 1.
This reference shows test data indicating that
acoustic reactance of these liners is primarily a
function of liner thickness. The acoustic resis-
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tance is shown to ba a function of density and
thickness of the treatment. The densitics of bulk
absorbar were chosen so as to spun the optimum re-
sistance as defined by two different metheds. The
empirical method in Ref, 1 resulted in_the design
of the lowest density liner, 3.5 1b/£t3, The opti~
mum impedance was alse egtimated by a locally re-
acting theory for the Helmholts resonator-type
liners* that may not apply to a bulk type liner,
where there is a possibility of acoustic waves
traveling within the liner. Th&s method resulted
in the high density (11.8 1b/ft”) design. A den-
slty between the two extremes (3.9 1b/fe3) was also
built, Data were taken at three speeds and threoe
length to diameter raties {L/D) from 0.25 to 1.0.

The YF 102 engine was previously used to in-
vestigate a series of SBOF (honeycomb and perforated
cover sheet) acoustic liners. The test results of
these liners are presented in Ref. 3. These SDOF
rosults provide a convenlent reference with which
to compare the bulk liners.

Apparatus and Procedure

Engine

The Aveo Lycoming YF 102 is & twin spoor tur-
bofan engine with a hypass ratio of 6, a fan pres-
sure ratio of 1.47, a fan tip speed of 1300 ft/sec
at 7380 rpm, and a maximum rate thrust of 7500 1b.
Fig. 1 shows a cutaway view of the YF 102 engine.
The engine core consists of a combination seven-
stage axlal, single-stage centrifugal compressor
driven by a two-stage nxial turbine and external
atomizing combustor. The front fan and .. Buper-
charging stage are gear driven by a two-stage co-
axial power turbine. The fan has 40 blades and is
40.3 in, in diameter., There are 85 fan bypass
stator vanes and 84 fan core stator vanes, The
blade~vane ratios for this fan lead to & cut-off
rotor stator interaction tone for the BPF at fan
speeds below about 6000 rpm.

Table I shows some of the engine preformaﬁce
and inlet parameters of interest at the three fan
speeds used in this {nvestigation.

A very long test inlet was used in this inves-
tigation, The total length to diameter (L/D} was
3.6. A schematic diapgram of the ipnlet assembly
showing its various sections is presented in Fig. 2.
This inlet consists of a large radius bellmouth and
several constant diameter sections, This first
gection was used to measure the inlet total flow
rate. The next short section, used to bleed off
the boundary layer flow, was taped over and not used
during the present investigation. The next four
sactions were designed to hold acoustically treated

linars. Only sacticons 2 and 3 were used in this
investigation, Ench of these sections has an L/D
of 0.5, Th¢ anused sectiont were made hardwall.

The last sectlon is an inlet seal and engine
adapter.



Acoustic Liner Deaipn and Construction

An empirical design method devoloped by the
Geperal Eleetrle Company and outlined in Ref. 1 was
used to deslign a liner using a Kevlar folt bulk ab-
sorber, This method is bosed on cuyves of acoustilc
impedance of bulk absorber liners obtained from im-
pedance tube and englne data.

The first step in the Iiner design is co salect
the design frequency which 1s then used with Fig. 3
from Ref, 1 to determine the liner thickness. The
design frequency was selected to bo the BPF at near
maximum power (7380 rpm) and was 4920 Hz. Thore
was no attempt in this study to maximize perceived
noise level suppression,

Next, the density was determined using Fipg. 4
also from RTef, 1. As iIndicated by Fig. 4, the de-
sign density was intended to provide a specific re-
slstance of 1.0, Impedance tube datn from Ref. 1
indicates that the face sheet should have an cpen
area ratio of at least 22.5 perceunt. Table I1 shows
the liner design parameters determined by this meth-
od along with those actually fabricated and tested.

As was indicated the sgecific resistance of the
design treatment (3.6 1b/ft?) was nominally 1.0.
The corresponding specific reactance was estimated
to be ~1.1. 1In order to explore the bulk absorber
characteristics more fully, two other densities
were selected, 28 shown Iin table II, at the design
thickness. These densitiea were selected Erom con-
gideration of Fig., 5 which shows the optimum ifmped-
once loecl for the design conditions as devaloped in
Ref, 3 for the YF 102 engine. This figure is based
on a point reacting theory that may not apply to
bulk liners. The design liner is locoted on this
figure according to the impedance estimates given
carlier, One of the alternst: designs was intended
to be on the loeus curve ut the specific reactance
of -1.1 leading to a speclflic resistance of about
3,0, The corresponding material density, extra-
polating from estimates of the gpecific resistance
at low densities, was estimated to Le about 11 1b/
£t3 and in the fabricated Iinmer was 11.8 1b/fed,
The third liner was selected to have an intermediate
density of 5.9 1b/£t3 corresponding to a specific
resistance of about 1.7.

Each liner section is one half of a diameter
long. One section each of the 3.5 and 11,8 1b/Ec
density and two sections of tha 5.9 1b/ft3 density
were built. The type of Kevlar used in these liners
1g designated as Kevlar 29, type 973. The uncom-
pressad fibrous materlal came in sheets 1/2 im.
thick with a density of approximately 0.7 1b/ft3,
The installed density is controlled by the number-
of iayers of this material compressed inkte the
liner cavity. In the case of the hfgh density ma-
terial the material could not be compressed enocugh
during the liner assembly and had to be precom-
pressad by running it through a drop hammer first.
Each liner sectien had eight equally spaced parti-
tions {atringers) placed around the circumference
parallel to the duct axis between the perforated
inner sheet and the solid backing shect. There
were no partitions in the axial direction (ribs)
between the end flanges.

Test Foclldity

The Lewis outdoor test facility for noise and

performance testing, nccommodates turhefan englnes
with thrust levels up to 30 000 1b, The test engine
is supported by a tripoded, cantilevered, overhead
support arm 9.5 ft above the ground plana., A mov-
able shelter, on tracks, covers and protects the en-
gine betweon test runs,

Engine instrument and control lines junction at
a vaulf, next to the test stand, Conditioned signals
ore tromsmitted from the vault to the operation con-
trol yoom, The control room, located approximately
400 fc from the englne, contains cquipment to con-
trol engine operatien and receives all enginc acro-
dynamic sipgnals., A digital data acquisition system,
together with a computer system, provide on-line
engine performance data,

Aft-radiated engine nolse as well os jet nolse,
was effectively eliminated by a large exhaust muf-
fler. Fig. 6 is a photograph showing the engine on
the test stand with its exharst ducced to the muf-
fler. A nogzle ot the entrance to the muffler was
sized to provide fan operating conditions (flow and
pressure ratio) that were nearly identical to those
before the meffler was connected. This muffler is
60 £t long with an inside diameter of 66 in. The
muffler is lined with a bulk absorber treatment that
is 23.3 in. thiek.

Acoustic Instrumentation and Processing

The acoustic arena is a 100 ft rndius, concrate
surface centered on the engine-inlet. There were
12 ground microphones on the perimeter of the arena,
They %, e positioned at 109 intervais from 10° to
1209, measured from the engine inlet axis. Each
0,5 in. diameter microphone was mounted on 2 ft2
composition hard board at ground level and was
pointed at the inlet.

The microphone signals, transmitted over shield
shielded cable to amplifiers, were ctnditloned for
frequency modulated (FM) magnetic tape recording.
The conditioned signals were recorded on a4 16 to
20 second duratlon tape loop, This acoustic syatem
was calibrated from the microphones through the am-
plifiers with a piston phone both before and after
each run,

The tape loop was replayed and analyzed through
a Nevatronic scanner-control unit, The Novatronic
separately plays cach acoustic channel into a Gen-
eral Radio multifilter and multichannel RMS detec-
tor, Using 16 seconds integration time, one-third
octave band scund pressure level (SPL) was obtained.
Integration was performed over 1024 data samples to
reduce uncertainty of the random signal measurement.
The resulting sound pressure levels, in units of
decibel (dB), sre referenced to 2x1077 Pa (0.002
ubar%. Sound power levels (PWL) are referenced to
10713 W, A1l further data was processed on an IHM-
T55 360 computer.

The IBM computer calculates sound levels, at
distances other than the messured stations, con-
sistent with Ref. 4. All data were corrected to an
atmospharic temperature of 59° F and a relative
humidity of 70 percent. OGround microphone data are
corrected to free-field conditions by subtracting
6 dB at all frequencies up to 20 000 Hz. This cor-
rection accounts for the effect of ground reflected
signals, Theoxy predicts a 6 4B correction fov a
perfect reflecting surface. Test of the acoustle
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arena have indicated that the vorreetion 1s spprox-
imately 6 dB.

Test Preccdure

The enging wes run at ttivec fan speeda; 4500,
5900, and 7100 rpm. Physicnl rather rhan corrected
fan speed was used to keep the BPI tone in & single
one-third octave band from one test day to ancther,
The 7100 rpm speed was chosen in place of the liner
desipgn speed, 7380 rpm because it was the highest
speed tho¢ could ba reached during the highest am-
bient temperatures that were likely to oeccur, All
tests were run after 6 pm with wind speeds under
10 mph. The 7100 rpm speed wns ropeated twice for
each configuration and the data averaged siunce this
ig nearest the design speed for all the acoustic
liners.

The bageline hard wall data was token at the be
beginning of cach evening's run., All configurations
tested In one evening were then compared to that
avening's baseline in order to obtain suppression
data (differences) of high azecuracy. The differ-
ences in the baseline BPF levels from one day's run
to the next were generanlly within *2 dB, while the
repentability of the BPF during an individual run
wag usually 10.5 dB,

Aluminum adhesive tape was used to cover the
‘acoustic liners that were not part of tha configur-
ation being tested., ‘Thus, by removing tape several
configurations could be tested in an eveningfs run.

Results and Discussion

The YF 102 engine was used to test bulk ab-
sorbing acoustic liners using different densities
of a Kevlar material and different liner lengths.
All testing was done with the engine exhaust Jucted
to a large muffler in order to meagure only inlet
noise. All the data presented is on a one-third
octave baud basis, Limited parrow band spactra
show the BPF tone to be sufficiently strong to be
represented by the one-third octave band the tome
fallg within., The data has been adjusted to Eree
£1eld and standard day conditiens,

Baseline Inlet Noise

The inlet noise in the unsuppressed case is
shown by the thraee power spectra in Fig. 7. All
the baselire data shown are averages of 11 different
runs that oceurred over a period of several months.
The data spread over this period was generally
within #2 dB., The test speeds shown are 7100,
5900, and 4300 rpm. The corresponding tip relative
Mach numbers are 1.25, 1,02 and 0,765. At 7100 rpm
the presence of multlple pure tones (MPT's) is very
obvious between 800 and 3150 Hz. The strongest BYF
tone occurs at the transoniec speed of 5900 rpm.
Second and third harmonies can be easily seen at
the lower speeds. These spectra zre typical of a
high bypass turbofan engine. At vary low frequen-
cies (below 400 Mz) a significant contribution to
the power spectrum is made by noise originating from
within the muffler and exhaust system. Most of
this low frequency nolse propagates upstream through
the fan nozzle, aft fan duet, fan and out the inlet,

Figure B shows the dircctivities of the BPF
tone at the three test speeds. These directivity
patterns give an indication of the modal cnergy dis-
tribution which in turp relates to acoustic suppres-
sor parformance. Reference 5 relotes the mode cut-
off ratle to the far-field radiation angle. Well
cut-on modes (cut-off ratio »»1) radiate at angles
near the dnlet oxis, while near cut-off modes {cut-
off ratio near one) tend to radiate at ongles of
60% to 70° depending on the inlet Maoch number, The
mode cut-off ratio can algo be related to the per-
formance of acoustic suppressors.~ Wall cut-on
modes hove a low maximum possible attenvation while
near cut-off modes arc readily attenuated,

The 710G and 4500 rpm curves of Fig., B have a
similar shape except uround 70° wheru the supersonic
tip speed curva shows a bulge that may be due to the
rotor~locked mode. At 5900 vpm there appears to be
more energy in the angles around 50° and 60Y. This

‘may indicate a modal energy diseribution weighted

more heavily toward cut-off,

Variation of Liner Density

The effect of density on the sound-power atten—
uation spectra is showa in Fig, 9 for a treatment
L/D of 0.5. In general the density effect is small,
less than 2.5 dB. At 7100 rpm theve are almost no
variations in the BPF attenuation. At fregquencies
above the BPF the high density liner haw & better
performance than the other two liners. For the MPT
frequencies, the high and middle density liners secem
more effective than the low density liner., At
5900 rpm the attenuation of the BPF and near by fre-
quencies for the 5.9 1b/f£t3 density liner is lower
than that of the other two liners. All the liners
have higher BPF attenuations at 5900 xrpm than at any
other speeds. This may be a result of a modal en-
ergy distribution weighted towards cut-off as dis-
cussed earlicr, Almost all the SPOF liners tested
on this engine also had their peak BPF attenuations
at 5900 rpm. _The 4500 rpm attenuztion curves show
tha 3.5 1b!ft:3 liner with somewhat lower performance
at the BPF and at several other frequencies., An un-
usual feature of the curves at this speed is that
the peak attenuation cecurs at the 0 kHz band 4in-
stead of the BPF. This results from the very large
attenuation of a strong tone that 1s the sum of the
BPF of the fan and the BEF of the supercharger
stage.? The directivity of this tone indicates a
modal energy distribution heavily weighted towards
cut-off that is thus easily attenuated, It may be
helpful for the reader to refer back to the baseline
configuration (Figs. 7 and 8) for when examining the
attenuation figures.

The directivity of the BPF tone suppression is
shown In Fig. 10. At 7100 and 5900 rpm the high
density liner appears to have a slight advantage at
angles of 50° and less. This indicates a slightly
broader bandwidth with respect to mode cut-off
ratio, Althouph it 1s interesting to abserve the
suppression at angles greater than 709, these re-
sults have very little effact on the overall engine
noige gince these angles are gormally dominated by
aft end nolse. The 5.9 1b/ft” liner shows poorer
performance at 5900 rpm than the other two liners
for most angles. There are no obvious trends at
4500 rpm,

Each of the lines was tested at L/D's of 0.25



and 0.5 and the middle density liner woa also tested
at an L/D of 1.0, Fig. 11 shews the sound powor
attenuation of the BEF as a function of treatment
L/D, The curves for 7100 and 4500 rpm are similar
in attenuation levels while, the 5900 rpm dato

shows higher attenuations, At each length the high
density liner has better performance than the other
liners., There appears to be little or no increase
in sound power attenuvation with Increasing length,
at an L/D of 1.0, To some extent the decressa in
Blope with increasing L/D is a result of the sound
power for the BPF being coatrolled by the well, cut-
on modes. Even through these modes tend to propa-
gate to far-field angles neoar the inlet axis they
con dominate the sound power when large amounts of
supression are used op the inlet. These angles near
the axie are less important to aideline or flyover
noise.

Comparison of Bulk and SDOF Liners

The potentir for £light applicotions of the
Kevlar bulk treat.ent makes a comparison with the
flight rated SDOF type treatment useful., The best
SDOF liner of Ref. 3 was used for comparison to the
high denslty bulk liner, which generally gave the
best suppression of the three linewxs., It should be
noted here that although the SDOF liner chosen as a
reference was designed for near cut-off modes, 1t

.acoustic resiatance was estimated to be only half

of the optimum value {(based on the locus of single
mode optima in Fig. 5). Beecause of this it seems

1ikely that a stil) better SDOF liner is possible.
0f course, there is no way of knowing whether the

bulk liner used in this comparison is optimum.

A comparison at the three test speeds of the
sound power attenuation spectra of the bulk and
SDOF liners 1s shown in Fig. 12, The bulk liner
has higher or equal attenuations than the SDOF liner
at most frequencies and speeds. The biggest advan—
tage of the bulk liner however, is its greater at-
tenuation bandwldth at all speeds. This greater
bandwidth occurs at frequencies both above and be-
low the BPF. At 7100 rpm the attenuation of the
BPF is slightly higher for the bulk liner, while
there 1s a dramatlic difference in thelr performance
at both higher and lower frequencies, Between the
BPF and 10 kHz the bulk liner has a roll-off in
attenuation of less than 1 dB per band while tae
SDOF liner has a roll-off of about 2 dB. At fre-
quencles between the BEF and 1 kHz the spectium 1s
dominated by MPT's which have most of their energy
in near cut-off modes., Although both liners have
no difficulties in obtaining high attenuation of
these near cut-off modes the bulk liner does much
better. At 5900 rpm, the bulk liner has higher at-
tenuation below but the BPF, but without MPT's the
difference is not as dramatic. At 4500 vpm, the
BPF performance of the bulk liner is somewhat
better than the SDOF liner. The large difference
in attenuation at 10 kHz seems to he due to the bulk
liners ability teo attenuate the fan-superchanger
sum tone in this band as previously discussed.

A comparison of the dlreetivity of the BPF
suppression for the three test speeds is shown in
Fig. 13. At 7100 and 5900 rpm both liners have al-
riogt the same pattern even though they represent
-entirely different attenuation conecepts. The shape
of this curve is5 to 2 large extent a result of the
modal energy distribution of the source with the
attenuation characteristirs of the liner having a

smaller effect. There does appear to be a slight
advantage to the bulk liner ip the wieinity of 50°.
At 6500 vpm the SDOF liner has Jower attenuatien
than the bulk liner at most argles, Because the EPF
at this speed is furcther from thae design frequency
and khe SDOF liner has less attenuation bandwidth it
is not surprising that the SDOF liner pave the lower
attenuation,

Coneluding Remarks

The results of an investipation of a series of
Kevlar bulk absorber liners used in s turbofan en-
gine inlet have been presentad. Far~field noise
measutrements were ueed to compare the attenuation
properties of three different treatment densities.
In addition the best bull treatment has been Zom~
pared to the best SDOF treatment from another inves-
tigation using the same engine.

The variation .n liner density, which should
result in a varintion Jn liner acoustic resistance,
had only s small effect on the atrenuation proper-
ties. The somewhat broader bandw.dth attenuation of
the high density liner is the tiost noteworthy effect
of density. The density was varied over approxi-
mately a 3 to 1 range. Since acoustic resistance
has been shown to be proportional to density over a2
amall range of density,l it might be expeeted that
the resistance change for the test liner would be in
the vicinity of 3 to 1. This was sufficient to pro-
duce significant attenuation changes for SEOF linexs
varied over a similar range of resistance.

The comparison of the best of the 5DOF and bulk
liners shows a significantly broader attenuation
bandwidth for the bulk linex. Tt is felt that the
SDOF liner does not have the optimum impedance and
may not be the best liner to represent lts type. By
the same token there 18 no way of knowing Lf the
high density bulk liner is optimum. Even if there
is more voom for improvement of the SDOF liner than
the bulk liner, it still seems likely that the bulk
absorber type liner will have broader bandwidth at-
tenuation than SDOF liners,
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TABLE I. - YF 102 ENGINE AND INLET PERFORMANCE

AT SEA-LEVEL-STATIC, STANDARD DAY CONDITIONS

Test fan speed, 7100 5900 4500
rpm.

Thrust, 1b 7000 | 4550 2500
Core speed, rpm 18 00| 17 600 15 800
Fap bypass 1,44 1.28 1.15

_pressure ratic
Total fan oirflow, | 262.0 | 214.5 | 162.5
1lb/sec
Inlet duct Mach 0.375 | 0.298 | 0.221
number
Fan tip relative 1.25 1.02 | 0,765
Mach number
Blade passing 4733 3933 3000
Lraquency, Hz

TABLE II. - REVLAR 29 BULK ABSORBER TEST

LINERS, INLET DIAMETER = 40.3 in.

Design Actual
Frequency, Hz 4920 4733
Mean flow Mach 0.39 0.38
number
Treatment thickness, ini| 0.305 0,3125
Treatment density, 3.63 | 3.5 (5.9,11.8)
1b/fed
Perforated sheet open >22,5% 22,572
arga
Perforated pheet hole | wu———- 0.0625
diameter, in.
Perforated sheat | —=r—-- 0.032
thickness, in.
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Figure 1. - Cutaway view of the YF102 turbofan engine,
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SOUND POWER ATTENUATION APWL, dB
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Figure 9. = Sound power attenuation spectra for various
density bulk liners, UD = 0,5,
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Fiyure 10. - BPF suppression directivity for various den-
sity bulk liners, L/D =0, 5.
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Figure 11. - Effect of length on the BPF sound power
attenuation.
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Figure 12, = Comparison of sound power attenuation
spectra for bulk and SDOF liners, /D = 0,5,
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Figure 13. - Comparison of the BPF suppression cirectiv-
ities for bu'k and SDOF liners, UUD =0.5.
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