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ACOUSTIC PERFORMANCE OF INLET SUPPRESSORS
IN AN ENGINE GENERATING A SINGLL MODE
by L. J, Heidelberg, €. J, Rice and L. Homyak

National Acronautics and Space Administration
Lewis Research Center
Cleveland, Onhio 44135

Abstract

As part of a program to evaluate an infet suppressor design method
based on mode cutoff ratio, three single degree of freedom liners with dif-
ferent open area ratio face sheets were designed for a single spinning
mode. This mode was generated by placing 41 rods in front of tne 28 plade
tan of a JTlbD turbofan engine., At the liner design this near cutotf mode
has a theoretical maximum attenuation of nearly 200 dB per L/D. The data
show even higher attenuations at the design condition than predicted by the
theory for dissipation of a single mode within tne liner, This additional
attenuation is large for high open area ratios and snould be accounted for
in the theory, The data shows the additional attenuation to be inversly
proportional to acoustic resistance., It was thougnt that the additional
attenuation could be caused by reflection and modal scattering at the hard
to soft wall interface. A reflection model was developed, and then modified
to fit the data. This model was checked against independent (multiple pure
tone) data with good agreement,

Introduction

Fan noise produced by an aircraft engine has a spinning mode structure
while propagating within tne inlet or aft ducts. These sginning modes must
be considered in the design of an effective suppressor.l=3 A theoretical
gesign method based on mode cutoff ratio is presented in Ref. 4., This
method and the generdl problem of designing and evaluating inlet suppressors
trom source to far-field is based upon each element of the problem being
dependent upon the mode cutoft ratio. This depindence upon cutoff ratio nas
been reported tor maximum possible attenuation,® optimum impedance,?
duct termination retiection,® ana moual density tunction.

The dbove concepts were evaluated on a YFlU2 engine both qualita-
tivelyd and quantitativelyy using the multimodal sound source due to fan
turbulence interaction, These evaluations of the design methods and the-
ories were extremely demanding and were limited by the source energy being
distributed among all pussiole propagations wodes,

In this investigation, a4 JTibD engine was modified to produce a tan
tone controlled by a single mode that coulu be used Lo validate tne design
Lheory and theoretical suppressor performance described in Rets, 4 to Y,
fo the best of the authors' knowledge, this 1s the tirst time that a
controlled known single mode hds been used with an engine or tan to evaluate
suppressors,  The single mode is generated by placing 41 cquaily spaced rods
in tront of the ¢8 blade tan as shown in Fig. L. These rods produce a4 blade




passing frequency (BPF) tone of only one mode with circumterential order

m = L3 and the lowest radial orver y = 0 at fan speeds from o400 to

d400 rpm.  The design speea for Lhe suppressors was cnosen as 6/50 rpm where

Lhe cutoff ratio of the 14, 0 mode was 1,03, Tests wore conducted at the

design speed as well as nighor speeds including a supersonic tfan tip speed,
the suppressor theory, used to compare witn the data, contains only the

dissipation effect of the liner on tne mode corresponding to the input mode

in the hardwall duct, 1t was found necessary to account for additional

altenuation due to reflection or modal scattering at the nardwal l-liner

interface. A model was derived to account tor this effect.

Symbo s,
A ddditional attenuation above liner dissipation, dB
B blade passage trequency, Hz
C speed of sound, w/sec
) circular duct diameter, m (ft)
ad sound attenuation, decibels
adby maximum possible sound power attenuation, decibels
t trequency, Hz
RXH dimensionless axial wave number for spinning mode in hard wall duct
(see Eq. Y)

KXS dimensionless axial wave number for spinning mode in soft wall auct

length of acoustic treatment, m (tt)
My axial steady tlow Mach number, free-stream unitorm value
i) spinning mode lobe number (circumferential order)
R pressure reflection coefficient
RR* reflected acoustic power, dB
R eigenvalue for circular hardwalled duct or apsolute value of con-
g plex eigenvalue ftor softwall duct
n trequency parameter, n = ti/c
*) specific acoustic resistance
o) optimum specific acoustic resistance
N radial mode order index
&y nardwal i cutoft ratio, &y = mn

Rg " (l - Ml)i
£ softwall mode cutott ratio, g = 1n
5
Rg'/(l - M‘D) cos 2¢

0 Finer open area rativ
wm optimum open area ratio
Y phase of complex cigenvalue, degrees

X specitic acoustic reactance




Apparatus and Procedure

Engine ari Inlet

The JT150-1 engine is a two-spool turoofan engine with a nominal 3.3
bypass ratio, and a ratea thrust of 4790 N (2200 1b)., The fan is 53,3 cn
(21 in.) in diameter, and has 28 blades with 6o exit guide vanes (stator).
The blade to vane number ratio for this fan resuits in a cutoff rotor-stator
interaction tone, More details for this engine are presented in Ref. 10—

The inlet used in this investigation is shown in £ig. L. Tnis inlet has a
constant 53.3 cm (21 in.) diameter and is fitted to a bellmouth wnich in turn
is attached to a large constant diameter nacelle, A large inflow control
device (ICD) constructed of aluminum honeycomb, screen and thin steel ribs is
attached to the nacelle. The [CD removes large scale atmospheric turbulence
and thus greatly reduces the ?PF tone that results from the interactions of
tne fan witn this turbulence. 0 The ICD was used here to further insure
that only a single mode BPF tone is produced.

A spool piece with 41 equally spaced radial rods was attached to the
engine front flange. The wakes of these rods interact with tne 28 fan blades
to produce a BPF tone with 13 circumferential lobes. At fan speeds between
6400 and 8400 rpm only the lowest radial order mode can propagate. A more
complete description of the fan-rod interaction tone is presented in Ref. 11,

The single degree of freedom, SOUF type acoustic treatment was placed just
up stream of the rod section of the inlet. This suppressor section is re-
placeable so that different treatment designs can be tested.

Suppressor Design

The acoustic liners were designed to heavily attenuate the single wode
produced by the interation of the inlet rods and the engine fan. This mode is
the lowest radial of the thirteen lobed circumferential pattern (m =13,

u = 0). Maximum attenuation was sought for tnis mode at the blade passage
frequency of 3150 Hz. Other parameters pertinent to the design were average
duct Mach number (Mp) of -0.147, duct diameter of 53.3 cm (21 in.), and
boundary layer thickness (1/7th power) of 0.53 cm (0.21 in,) based upon an
estimate made from velocity measurements.,

The optimum impedance was calculated using the sound propagation theory of
Ref, 12 ana the optimization procedure of Ref. 13. The theory consiaers the
propagation of spinning modes in an acoustically treated semi-infinite cylin-
drical duct with a steady flow. The flow is assumed Jniform except near the
wall where a 1/7tn power boundary layer (with a linear profile at tne wall) is
merged with the uniform vIlow,

fhe impedance model used to define the suppressor construction (perforated
plate bonded to honeycomb) can be tound in Ret. 8. Tne acoustic resistance
mode) is a slight modification of the model of Ref. 14, and assumes that
steady grazing flow ettfects dominate the perforated plate acoustic resistance
{sound amplitude effect neglected).

The results of the liner optimization calculations can be found in
Table 1. Tne values in tne middle column, with a pertorated plate open area
ratio of 5 percent, describe the estimated optimum liner. It should be noted
that no accounting of the inevitable perforated plate nole blockage (when
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bonded Lo honeycomb) was made.  Also because of uncertainties in tne acoustic
resistance wodel and Lhe moasurod design inputs (tlow Mach number, boundary
fayer tivickness), it was determined that liners at one-nalf and doub e the
optimum hiner resistance would be built, Tt was also aesired that the experi-
meatal liners straddle the best possible FHiner so that interpolations could pe
made using the data and the Lheory,  Thus two Liners with open ardas oi 2.b
and 8,9 porcent ware built., Note that the optimum reactance (which is ob-
tained with more contidence) was nela constant in all cases by varying the
depth of the treatment.

The Lheoretical calculations for the optimum liner showed tnat the maximum
pussible attenuation (due to dissipation only i1 tne Tiner) was adBy = =198 JdB
par unit L/D.  This extremely large expected attonuation suggested that the
very short liners shown (L = 0.3 in,, lo cm) must be used Lo obtain meaning-
ful measurements of attenudation. As will ve seon in a later section, due to
Lne unprecedented attenuations attained, half of this lengtn had to be

covered with tape so that the tan tone data would not ve lost in the broag-
band noise floor,

lest Facility

fhe tests were performed at the Lewis Vertical Lift Facility. Tnis
facility is an outdoor test stand Sneltered oy a service building which was
moved away on tracks before testing. Thne area beneath the engine out to and
somewndt beyond the far-field micropnones was paved witn concrete,  The
engine was mounted 2.9 m (Y29 ft) or 5.4 tan diameters above the ground,
Fms relatively nign POSTLION Was vunsen Lo minimize ground pldane effects on
tne inlet flow, Tlhe engine exhaust was connected to a large muffler to Sup-

press att tan dand jet noise., A photograph of the engine on the test stand
IS shown infig, J,

Agpu§tig"QQ§g§umentatiyn dnd Processing

Far-tield noise measurements were made with microphones on a 24.4
(80 fL) radius arc centered on the engine nlet. [he microphones were pPOSi-
Lioned at 10° intervals from 10° to 1o0° from the inlet axis, Tne 1.9 cn
(Usv in.) diameter micropnones were mounted on ol cm (2 fL) square
composition hard boards at ground level and pointed at the engine inlet,

The micropnone signals were recorded on magnetic tape and tnen processed
o a4 spectrum analyzer, The one-third-octave-band results were corrected to
a 30.0 m (100 tt) free-field radial distance and standard-day temperature
and relative humidity (59" F and 70 percent, respectively).  Ine correction
applied to the ground micropnone data to ootain tree-ticld levels was
~0U dB at all frequencies up to 20 kHez,

The narrow band dataq were processed on a4 separate 800 line spectirum dna-

lyzer. Narrow band results were not corrected but used and presented in the
"as measwred" torm,

fest Procedure
For all tosts, data were obtained at the

tollowing corrected tan
speeds: v/50, 8450, 10 500 and 13 500 rpm,

At the experiment design
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spaed of o750 rpm a second set of data was measurced to improve accuracy,
A baseline hard wall case was always run the same day to improve the quality
of the attenuation results, The hardawall case was vbtainod oy covering tine
acoustic liner with aluminum tape, After the baseline was obtained, tne
tape was romoved in two stages to obtain measurements tor troatment lengths
of L/D of 0.1b and 0.3, Data was only recorded when the ambient wing was

- less *~an 18.5 km/tw (10 mph),

Rasults and Discussion

The data is presented in both one-third-octave-band and narrow band
torm. A 2b-Hz Landwidth narrowband analysis was used where the broadband
noise floor atffects the accuracy of the one-third-octave-band tone data.
ALl one-tnird-octave-band data has been corrected to standard-day, free-
tield at 30.5 m (100 tt). Narrow-band data has not been corrected, and is
presented "as measured",

Baseline Inlet Noise

The inlet noise of the unsuppressed engine with the 41 rods installed is
shown by the tour one-third-octave power spectra in Fig. 3. The BPF is very
prominent at all four speeds. At the highest speed (tip relative Mach num-
ber of 1.2), the multiple pure tones, MPT's are very evident between 2000
and 4000 Hz. The dashed line represents the power spectra tfor a suppressed ;
case, the 8.9 percent open area liner with an L/0 of O.lb,  Tnis gives an |
indication of where the liner was effective. At design speed the BPF tone :
is no longer evident in the spectrum, The only other place where there is a
great deal of suppression is at 13 »00 rpm at the M’T trequencies. The ]
reason for this pbehavior will be discussed later after tone directivities :
and cutoft ratios are presented. Although the suppressions at the other
speeds and frequencies are much lower, they are not insignificant, 10 to
20 d8 per unit L/0. i

The one-third-octave BPF tone directivities for all the fan speeds are
shown in rig. 4., At a tan speed of /b0 rpm tne (13,0) mode is just cut on
with a cutoff ratio of 1,03, A1l higher order radial modes are cutotf. The
peak in the directivity plot is at 60° as would be expected for a mode near
cutoft, As the fan speed increases the cutoff ratio of the (13,0) mode :
increases and the directivity curve peaks at far tield angles closer to the
inlet axis, This effect can be masked (as in Fig. 4(d)) when higher order
1. radial modes being propagating (lu 500 rpm ana above) and the directivity
N pattern is a result of several modes of different cutoff ratio. A more

j“{ complete discussion of tne BPF directivity of thas tan witn the 41 rods is
' . presented in Ref, 11,

fnese directivity patterns are important since they can indicate the
modes and corresponding cutott rativs that are present.b  Ine cutoft ratio
noturn controls Lhe maximum possible attenuation and optimum impedance tor
d suppressor.“
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auppressor Performance

The sound power attenuation curves shown in Fig. 5 give an overview of
where attenuation was obtained in terms of frequency and speed.  The curves
shown are for the 8.9 percont Tinor with an L/ of Q.18  This was the most
effective liner, The other liners yielded similar curves but with lower
peak levels, tbxcopt at the design speed the BPF attenuation is ot the order
of ¢ to 3.7 dB, or on a unit L/ basis, 13 to ¢h dB, At the design speed
12,5 dB of BPF power reduction was obtained, or 83 di per unit L/U. Ihis
number 1s in error on the low side due to the dominant contribution ot the
broadband noise to the BPF one-third-octave-band at many angles in the
suppressed case,

The Tiners were designed tor the (13,0) mode at 3150 Hz where the cutoff
ratio is 1.U3. In general, it would be expected Lhat when the cutoff ratio
is higher or the frequency different than the design, lower altenuation
would result, The maximum possible at&enuat!on decreases very rapidly when
the cutoff ratio increases from unity.” Also the optimpm impedance for a
given node is a tunction of cutotf ratio and trequency.” For these rea-
sons the large BPF attenuation occurs only at the design speed and since the
cutoff ratio increases with speed and the actual wall impedance diverges
from the optimum, the attenuation drops. This dramatic change in liner
attenuation with engine speed does not occur tor multimodal excitation as
was observed in Ref. 8., An examination ot the source noise in this investi-
gation shows only two places where single moues exist near cutoff. Une is
the design condition and the other is the MPT's at supersonic blade tip
speeds. The MPT cutott ratios vary from 1.00 to 1.07. Figure 5(d) shows a
great deal of attenuation for these MPT's as is expected. In fact, the MPT
that corresponds to the design frequency, 31b0 Hz has a cutott ratio of
1.03, the same as the BPF had at the design point. [he MPT results will be
discussed in more detail later in this paper,

BPF at the besign Point

A typical one-third-octave-band directivity plot of the BPF is shown in
Fig. b. Here the short liner length (L/U = U.l5) produced a large reduction
in tone level especially at the peak angle (60°) and larger angles. When
the remaining nalf of the tape was removed (L/U = U.3) little further
reductions.  .curred due to the presence ot the broadband nvise floor. Even
in a ¢% Hz bandwidth analysis the broadband floor interteres with the re-
sults for an L/U of 0.3. The narrowband results for this liner (Fig. 7)
indicate tone level reductions of several dB more than shown by the one-
third-octave plot tor the L/U ot U.1b5. Here the narrowband (Zb Hz band-
width) tone directivity is plotted tor the hardwall inlet and tor the
8.9 percent open area liner at the L/D ot 0.16. The broadband noise level
at the tone base is also plotted. tven with an L/U of only U.lb and a ¢b Hz
bandwidth, the broadband levels are uncomtortably close to the tone in the
suppressed case.  Although the broadband levels show a small reduction in
leve ! when compared to the tone these attenuations are significant when put
on a unit L/U basis, Ib to 20 d8. The shape ot the broadband directivity
curve, with a peak near the axis, indicates this source is composed ot a
gredt many modes with approximately equal energy per mode.® With this

b




type of modal energy distribution much lower attenuations are expected
than when all the energy is concentrated in one near cutoff mode,

The directivity of the tone suppression at tne design condition for all
tnree liners is shown in Fig, 8, The suppression generally increase to
about o0 degrees then remains at high levels, Tne 2.5 percent open area
liner has about half the suppression of the ather two liners, The 8,9 per-
??nt liner appears to give somewhat better suppression than the 5.0 percent

ner,

One way to show the effect of open area ratio on attenuation is to use
the following approximate relationship from Ref, 14

o
m
adB « g (1)
when
e > ém
and
o .
adB « ~— (2)
em
when
< o

m

This approximation can be put in terms of liner open area ratio by using

o« L =0") (3)

This results in

adB « - (4)
J (1 -0 )om
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In Fig, ¥ attenuation is plotted aganst the above open arca ratio fuictions,
[t was assumed that the optimum arca is between b,0 and 8,9 porcent 1,0,
straignt lines from the origing tarough tne b.0 and 8.4 percent poinks meet at
the optimum open area ratio, The average attenuation botween bO° and 807 was
used as an indication of sound power attenuation of the BPF tone at the design
speed. Altnough the 2.5 percent data was not used in tne data fit, L talls
on the line, Fitting the data through the 5.0 and 8,3 percent points as
doscribed above results in an optimum open area ratio ot /7.1 percent, [his 1s
nigher than the design estimate of 5,0 percent but not that far away when con-
sideration is given to the assumptions and variables involved., ror example,
an error in the boundary layer thickness used to calculate the resistance
could account for all of the difference between the £,0 and 7.1 percent,

Also, the reduction of open area due to tne adhesive used to bond the tace
sheet was not accounted for., The theoretical attenuation limit for the (13,0)
node is included in Fig. Y, Tne data plot ingicates a peak of 27.2 or 18l d8
per unit L/D., This is very good agrecment witn the theorctical limit of

198 dB per unit L/U.

Off-optimum liner attenuation, - As discussed in the liner design section
it was not anticipated that the optimum liner design would truly ve achieved
and two extra liners were built, It is thus necessary to investigate how much
i acoustic dissipation might pe expected within the suppressor for conditions
A other than at the optimum. Also in spite of the large attenuations expected,

{ it will be seen—later that even nigher attenuations were obtained from the
suppressor experiments. A complete set of theoretical predictions of single
N mode acoustic dissipation in the liner is necessary tfor comparison with the
@ experimental data,
1 To evaluate uff-optimum sound attenuations in the suppressor, the approxi- )
mate circular constant attenuation coatour equation tfound in the appendix of '
Ref. Y was used., [Ihis correlation provides good approximation to exact sup-
pressor calculations, The inputs used for this eguation involve only the
optimum impedance and the associated maximum possible attenuation which were
oy = 1.1360, Xy = -0.50, adBy/L/D = 198 respectively, the duct Mach
number My = -0.147, and the soft-wall mode cutoff ratio &g = 0.8291.
Due to the small cutoff ratio the compression of the attenuation contours due
to the boundary layer can be neglected, For alil calculations the liner react-
ance was assumed to be equal to the optimum value,

With the above inputs, the liner resistance can be varied from zero to
infinity to generate the relationship shown in Fig. 10, The curve has the
extremely sharp peak which is characteristic of the attenuation for a single
mode as generated fur tests in tnis paper. for multimodal sound generation
much more flat curves will result as discussed in Ref, ¥, Note that the
attenuation shown in Fig, 10 accounts only for principal mode dissipation
within the lined duct. Any attenuation greater than these values may be
assumed to originate from other mechanisms such as retflection or modal scat-
turing at the hdard-sort intertace of the suppressor, This assumption will be |
used to develop relations tor these other phenomena in o later section, <
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The data is platted in Fig. 10 for two different optimum resistances (open
areas). lIn one case the #.4 percent point is made to fall an the theoretical
curve, which rasults in an optimum open area of 6.4 percent, and in the other
case the optimum was chosen at 7.0 percent. In general, the data falls abave
the curve for most ey that are chosen. It seems likely, as discussed
praviously, that reflections and moda) scattering from the hard to soft wall
interface could cause the data to fall apove the curve. It might be expected
the larger the change in wall resistance at the intertace the larger the re-
tlection and modal scattering, Since the 2.5 percent open area |iner might b
expecled to have little or no reflection it was made to tall on the theoreti=-
cal attenuation curve. This resulted in the 6.0 percent liner data talling
below the curve. It seems reasonable that the data could be higher than the-
ory expecially for the Tiners with higher open area ratios. It is more diffi-
cult to understand why a data point would fall below the curve as in the case
of the 4.0 percent Tiner, when the olher points are on or dvove. The data
points seem to fall in a more reasonable fashion when the optimum open area i4
chosen at 7.0 percent. Here the points tall progressively higher above the
curve as Lhie open area increases, It additional attenuation caused by the
hard to sott wall intertace is the major cause ot the discrepancy, it is
important vecause of its size to account for it in the theory, The largest
discrepancy occurs in the 8.9 percent data where 36 percent of the total
attenuation may be due to mechanisms other than dissipation within the lined
duct,

If the strength of the additional attenuation dbove liner dissipation is
plotted against the reciprocal of open area ratio (resistance) on log-log
scale, a functional relation of the variables may become evident. This plot
was made for a range of oy and a straignt line resulted when oy = /.U
percent as shown in Fig. 11. The slcpe of this line turns out to be -1.U.
This plot not only indicates that 7.0 percent open area is optimum, but also
that at a tixed cutotf ratio and liner reactance, the additional attenuation
due to the hard to soft wall interface is inversely proportional to resistance.

Ket lection and scattering. - The previously discussed comparison between
theory and experiment for the suppression of the blade passage tone has shown
that more attenuation is attained than can be explained by simple dissipation
ot the principal mode within the suppressor. This suggests that additional
attenuation mechanisms are operating which are not included in the suppressor
theory. These many include reflection and scattering at the hard-soft inter-
tace of the suppressor. An approximate equation for the reflection eftect
will be derived (scattering will be neglected) to provide a hint on the group-
ing of the important variables and then the equation will be empirically modi-
tied to fit the blade passage frequency attenuation data. Without further
modification this equation will be used to calculate the dadditional attenua-
tion ot several multiple pure tones and the results will be compared to data
in the next section.

Ret lection and scattering are intimately connected but reflection is
qualitatively ditterent than dissipation. No dissipation can ve expected tor
nearly hard walls (o = w) or for very sott walls (e = V) since hard walls
allow no normal tlow into them and very soft walls have no acoustic resistance
to wrovide vissipation. Since the two extremes provide no dissipation peak
dissipation must occur somewhere between and this is the optimum impedance
which was discussed eariier. Reflection, although expected to be zero ftor




v T —hardwalls, is not necessarily neqligible for soft walls. There may be a mona-
) tonic increase in reflaction as resistance is reduced, and the overall optimum
e resistance might be expected to be slightly shifted toward a smaller resist-

~; ance than would be ebtained from a dissipation anly tneory,

-y In Ref, 16 (page 1548) the reflection coefficient for a plane-wave incident
upon a suppressor nas boen derived, It is desired here to obtain an QXPros-
slan for incident spinning modos rathee—than for the special case of a plana
wave with an infinite cutoff ratio, A mode matching solution with pressuro

and axial velocity matehing across the hard-soft intoerface (considering only a
single spinning mode) provides a lead term in the solution which is analagous
jlf to that of €q. 11.4.26 of Rof, 16, This equation is

Kyy = Kyo
XH XS .
. R oo e (6)
3 KH * %xs
) where R is the pressure reflection coefficient, and k H and Kkyy are
%% the dimensionless axial wave numbers for the spinning mode in the hard and
‘ soft duct sections, Equation (6) is accurate in the limit for nearly hard
) walls, The finite mode cutoff ratio, § is present in the axial wave num-
i ber. An inspection of Eq. 11.4.26 of Ref, 16 shows indexed multipie products

, which represent the scattering effect of higher radial modes wnich is neg-
B lected here,
An expansion of Eq. (6) around nearly hard walls wita the parameter
; inn ma(x * ie)
; £ = = . (7)
it T I+ )
=y considered small yields
R . (8) |
l « 2mn RXH(" + i9) }
]
i.
where !
‘4
2 1 4
& .
f
and &y is the mode cutoff ratio in the hard duct. An estimate of the
ref lected acoustic power is
« L
RR* o > > (1v)
(l*Zﬂ KZ ) *(211 kzo)
" XX " Txu®

1y




and Lhe attenuation due to reflection is
AdBH = 10 log (1 ~ RR¥) (1)

Racall that in the derivation of £qs, (B) and (J0) all scattering effects
were neglected and that the results shoula ve expected tu e valid for nearly
hardwalls, Considerapie Hborties will now be taken in the altering of these
equations to match che experimental data for the blade passage frequency, [§
was a fortunate coinctdance that for the previous blade passage tone condi=
Liony, the first term in the denominator of £q. (L0) was negligible and thus
only the resistance torm remained,  An excellent fit to the data, 4s shown in
Fige L1, was oblatned oy changing the second power on the resistance term to
the first power. Since the reactance term was negligible no information could
be obtained on the exponent of this term so it was arbitrarily reduced to the
First power in analogy with the resistance, The empirical final reosults which
must e considered speculative dand needing much more stuay are

= 7 -

[t was also required that £gq. (!1) be cnanged to

AUBR v 40,0 log (1 - RR*) (ld)

Lo match the level of the additional attenustion that was obtained in the
experiments,

Althougn the approach taken in this section is quite crude, perspective
should be maintained by recognizing that tne correlation developed relates
only to the incremental attenuation shown in Fig. lU. Most of the attenuation
fs accounted for by the more soundly based liner dissipation theory., E£qua-
tions (1¢) and (13) will be tested against other independent data in the next
section,

W I's at 13 500 rpm

The attenuation of the MPT's for edch of the three test liners is shown as
a function of hardwall cutoff ratio in Fig, 1. [laese attenuations are ob-
tained using narrowband data at 60 and 70°, Some ot the MPT attenuations are
very large and comparable to the BPF attenudations at the design speed. This
is not unexpected since each NPT is a $ingle mode and has a cutoff ratio near
unity, In general, the attenuavion incredses as the open darea ratio increases
and decredses as the cutoff ratiov increases. Two sets of theoretical predic-
tions ot the attenuation for cach open area ratio have been inc luded in Fig.
L2, The lower curve represents only the dissipation in the liner. The values
used here for the dcoustic resistance were calculdated by setting the ettective
open ared ratio to b/7 ot the actual. This reduction is based on the results
tor the single mode BPF ddata where oy wds shown to be /.0 percent instead
ot the predicted 5.0 percent (Figs. 10 and L1).  The upper curve in each set
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reprasents liner dissipation plus the additional attenuation due to rof lection
and modal scatiering as developed in the provious section of this paper and
modified to it the WHF data (E@S. (12) and (13)). These upper curves fit the
data well although there is congiderable scatter tor individual MET's,  The
theotetical predictions seem valid considering they are hased on independont
data. The largest aiscrepancy OCEUPS A% the cutolt ratio approaches unity.
Theoratical attenuation predictions which include mode roflection and scatter-

ing and finite Tiner lenglh should b compared to this oxporimental data.

Long luding Romarks,

As part of a program Lo ovaluate an inlet supprossoy desdgn - ethod based
on mode cutotf ratio, three liners with ditterent open arca rabio face sheets
were designed for a single modes This mode wds generated by placing 41 rods
in tront of the ¢8 blade tan. An int low control device was used to eliminate
rotor-turbulence interaction tones. At the Viner design speed and BPF this
mode (m = L3, u = 0) is near cutotf. The theorctical attenuation limit tor
this condition is almost 20U db per unit L/U. Data were also taken at higher
speeds including a supersonic tip speed where MP1's were generated.

Extremely high attenuations (143 dB per unit L/U) measured were at the
liner design condition. Much lower bul still signiticant attenuations were
neasured at other speeds and frequencies with one exception. lhis w ¢ at fro
supersonic tip speed where the MP1's hdad attenuations almost as large as th
BPF attenuation at the design speed, When compared to the theoretic1) resisu.
ance versus attenuation curve, the data at the design conditior ias hi

attenuations. This suggests attenuation mechanisms in addity  to PR P
pation in the lined wall. Retlection dand possibly moda -.-*ing at the
hard to soft wall interface was thought to be ruestw biv vor the additional

attenuation. The data indicated the additional »rveenuation was inversely
proportional to resistance. ln addition, the optimum open area ratio for
liner dissipation was tound to be 7.0 percent instead of the predicted

5.0 percent. Error in the boundary layer thickness and not accounting for the
blockage due to the adhesive used in construction may be responsible for the
ditterence in opt.mum open ared. A wodel tor reflection at the hard-sotf't
interface was developed that indicated reflected power to be inversely propor-
tional to the square of the acoustic resistance and reactance. The theoreti-
cal model was moditied to agree with the tirst power relationship of resist-
ance found in the data. The model was then tested against other independent
data (MPT's) and found to be in good agreement. This preliminary reflection
model requires further study. For high open area ratios and near cutoff modes
the reflection at the hard to soft wall interface is a significant tactor in
the total attenuation.
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TABLE 1. ~ SUPPRESSOR UESTGNS FOR
THE m ~ 13, w = O MOLL
Leonuitions: design troquency « AlbU Hezy duct

Mach Numbar = ~0,147; duct diameter = €1 1n,
(3.3 cm); optimam impedance: @ = 1,130,

x &® ““OthoJ
open area,® o, percent ¢h 5.0 8.9
Iveatment depth, in, U. 304 U.buo 0.010

Lstimated resistance, o 2.217¢ 1.13v 0.038

Estimated reactance, X -U,.50 ~0.50 -0.50

Length, L, in. 0.3 0.3 6.3

011 vacing sheets were 0.020 in. (0,051 cm)
thick, pertorated 3UU3HL4 aluminum with

punched holes of U.U50 in, (U.127 cm)
diameter,
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INFLOW CONTROL
DEVICE, 1C0 No, L
8400 @ 13mbdiam-~

¢ SUPPRESSOR, 21 in (53, 3 ¢m) diam
£ HEHECTIVE LENGTH 0, 3in (1o, 0 cm)

. AURUDS, 01875 in (0, 48 cm) dllam
o0 IMMERSED 2% n (o, 4 em)

OB ROTOR BLADES

_21 in (53, 3cm)

35in ®9em)
[* (45 2¢m) - {
le- 24,500 . )
a9 9.
/ HLANGL

. Ui

Higure 2 - JT1D engine with 160 no. Ton test stand with exhaust muftier,
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8,9%0,A, SDOF
- O BASELINE 41 rods

. 10— A D» 0,15
g O up~03
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& A
v 60 >
0 20 40 60 80 100 120
ANGLE FROM INLET, deg
Figure 6, - Tone directivity pattern at the design
point for hard walis and two liner lengths,
O HARD
oey O SOFTUD=0,15
SOLID SYMBOLS ARE BROAD-
N BAND LEVEL NEAR BFF
100 (—
% |—
2
.. a2
o\ )
e E 80—
s, "'. L -4
& 04—
- (7]
i 2
~ 60 f—
- ‘ 0 20 40 60 80 100 120
ANGLE FROM INLET, deg
- Figure 7. - Narrow band tone directivity pattern at the
S design point, BPF = 3150 Hz and 6750 rpm for 8 9 per-
N L cent open area liner,
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Figure 12, - MPT attenuation comparison with theory,




