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A cut-sm, bBigh T3 speed {a= slape was acous-
tically tested with three conifigutalions of =
anflow comtrel devicr 1z The NASA lewis amechesc
chanber. Altacogh This was a cot-em desigm,
retor—iut lew 1nicraction sppeaced 1o be 2 mack
stromger sauzce of disde passing lome radasted
from tde zler Thom rateor-sialeor imteractliem fox
The 1.5 mes. rolor Chord separalzon. AlX cilerzmai
suction appliec 1o IThe iTes where the 1nflow com—
trel device jeimec i1he 1zlet produced a further
reduclion 1= “Mlade pass s Tomr segoesting that
disturbances 12 the torward tlow o2 the cwiside of
the iale? were supemapesed om the i1slet hesadsry
laver ané were a sagmificaml somrce of (ome Wise.

1. Iatrodwctlins

Pilteremces Metween lurbofasn moise levels
mcasuted 12 flight and 12 ground static tests Lave
deen well-documented 12 Ihe litleralure (e.g.. sec
Ref. 1), Neoise studies periommed in a= ameciolc
wind tuanel have showm resvits similar to ibhose
obtsined im fligh: Tests.d Sanson’ kas theo-
rized thai eclongated terbuicnce eddies enlering
the fan 1mlet dorimg sTslic leslimg are Tespoasi—
ble for the increased fundamental blade passing
tone noise observed :in these tests. Thus, it 1s
necessary to control turbulence and other imflow
disturbances 1@ static turbofan noise studies o
reveal noise generaling @echanisms which would
otherwise be masked by 1nflow disturbance i1nduced
mcise. A mmber of i1nflow control devices, which
have been tested and reported in the literature,
showed varying success in reducing the tan blade
passing toue levels (e.g., see Ref. 4 te 7).

In the present study, the inflow control ée-
vice (ID) of Kef. 4 and two modifications of it
were tested on a fan model in the Lewis anecholrc
chamber. These inflow control studies were per-—
formed as part of a larger acoust.c evaluation ot
this fan.

The fan did not have a sutticient number of
stator vanes to cut cff the rotor-stator interac—
tion tone at blade passing trequency. Although a
cut-off iesign would have been more desirable for
isolating blade passing tone noise mechanisms in
an inflow controi study, earlier results (rom the
Lewis snechoic chamber showed that roter-inflow
interaction could control tone generation even for
a cut-on fan if the rotor-stator spacing is large
enough. In the earlier study (sce Ref. 4), the
basic configuration of the ICD was tested in both
cut-on and cut-off conligurations. The minimum
rotor-stator spacing on this fan was 1.5 mean
rotor chords. These earlier tests showed the
blade passing toune level to be controlled by in-
flow disturbances interacting with the rotor,
rather than rotor-stator interaction, even with
the cut-on configuration, suggesting that inlet
fan noise in static testing is largely due to in-

flow distushances for suliliciest Tolor—sialer
spacing. The present experimrnis prowvide 3 fur-
ther chech o= This poiwt as wril as exploning
1dle vefa s iz thr ITP comsiTmizism.

L4

11. Appazalzs =i Proccduze

Anecheic Chsuibhes

The resulls presented berein were abXained i
The RASA lewis amechoic thamber, whack 35 e
scribed 1z delail :m e’ S. Figure 1 13 3 phote-
grape of the rescarch *as 1zstalled im The smecho—
1¢ Cchawder withont The 1zlel Tlow comtacil devwice.
Plan 324 cievatior views of the facilizy are given
im Figs. 2(a) sad (3. Calidratiom of Ihe chauber
showes 12 o be SdechOIC To withim 2 I3 for fre-
Queacics abowe 200 Ex.  The chssber m=v be oper—
3led 1z eilher 3 Tswfler open” mode 1m whach the
srtiow primaviiv emters through the sileacer, or
iz ac arpirating mode 1z whith the silencer is
closed and 2171 enlers the chamder through aspiral
img areas ¢n the chamber floor and wails. All of
the resulls presented hereln are [or the muifler
open mode of chamber operalion.

Research Fan

The test fan used in this study vas designed
snd fadricaled by AiRescarch Msauiacturing Company
of Avizons as a 50.8 cm (20 in.) tip dismezer
scale model of a 73.0 cm (28.7 1in.) tam which they
had built and tested earlier under contract to
NASA-Lewis. Detaiis of this fan stage design may
be found 1n Ref. 9. Reference 10 presents aero-
dvnasic and acoustic performance of the modei fanm
stage in the Lewis anechoic chamber. The design
rotor tip speed of this fan of 438 =/sec (lo00
ft/sec) results in a blade relative Mach number
equal to one at slightly greater than 602 design
fan speed. The design stage pressure ratic was
1.5. The rotor-stator separaticr was 1.63 wean
rotor chords.

The research fan had sufficient aerodynamic
inst rumentation Lo establish the operating point
in terms of pressure ratio and wmars flow. This
instrunentation included inlet thermmocouples and
static pressure sensors for inlet mass flow cal-
culations, and total temperature and pressure rise

zsurements across the stage. These measurements
were processed through a pressure multiplexing
network and computer system to calculate aero-
dynamic parameters. The fan operating line was
controlled by downstream valves at the collector
exit. Performance paramelers were correcied to
standard day conditions of a temperature of 288.15
K (518.67° R) and an atmospheric pressure of 101
kPa (760 mm Hg.).

Figure 3 shows a cross-sectional sketch of
the fan stage as installed in the anechoic cham-
ber. Also shown on Fig. 3 are some design parame-



fer the A= islet with isteraal :

i

fas.
ical of flight smlers, but with a thicker 1ip
e facilitate stalic tesiiag umas used for These
tests- Am acewstically-treated amssiar flew
splitter with radial smppest vanes was imstalled
doumstreas of the fan te guide and stabilize The
flow as it expanded radially iste the exhaust
celliecter, ani to attemuate amy aft faa moise
which might be reflected back toward the fa= from
the collector. The f3= stage was extermaliy
drives by a= clectric mstor. A ghetograph of the
partially-assesbled fam roter is showm im Fig. &.

o

Iaflew Contrel Device

Figure 5 shows a cross-sectiodal sketch of
the three variatioss of tive LiSA-lewis inflow cec-
trol device (I®). The basi- comfiguratior~ ‘e
scribed in Ref. &, comsisted of 5 <= (2 rhick
hoseycoub over 3 401 opem area screem ar F
ported ¥ a stromger. 70X opim area silfi.a. [Ihe
second ICD comfiguratiom comsisted of the additiom
of a 70Z opea area screea supported 10 ca (4 in.)
inside of the basic structure. Tke study reported
in Ref. 11 found such a dowmstream screea useful
ia combination with honeycomb/screen flow manipu—
lators im redeciag the turbulemce imteasities.
Reference 7 reports the results of an experimental
fan aoise study for a similar ICD with 3 dowm—
stream screen supported 5 ca (2 im.) inside the
basic structur.. The Rei. 7 ID was not tested
without the iammer screea im place.

The third ICP configuration adapted amother
experimenzal inflow control concept to the curremt
ICD tests. This other infiow coatrol comcept con-
sisted of an annular duct with a concentric bell-
mouth located at the flight inlet lip. Suctiocn
was applied to the annular duct in an attempt to
simulate a forwvard flight condition. The suction
was intended to modify the fan inflow in the avea
of the inlet lip to be more representative of flow
with a low fan forward velocity, with an expected
reduction of the rotor—inflow noise.

The third ICD ¢ ,afiguration reported in this
study and illustrated in Fig. 5 was formed by mat-
ing a portion of tie annular flow duct to the back
of the basic ICD with the inner screean liner in
place. In this configuration it was possible to
use aft suction to remove airflow which might
otherwise enter the fan inlet from behind the
highlight. It was thought that disturbances in
the forward flow on tne outside of the fan inlet
or disturbances generated in negotiating the turn
around the inlet lip would be superimposed on the
inlet boundary layer, degrading the inlet flow
near the fan tip, and possibly increasing the
rotcr-inflow noise. There was also concern that
small irregularities in the attachment of the ICD
to the fan inlet might induce inlet disturbances.
Aft suction should eliminate this potential
problem.

In the ICD study of Ref. 7, suction was
applied to the inner surface of the inlet duct.
The results of this study suggested that suction
wvas effective in further reducing the blade pass-
ing tone with the ICD in place on the inlet.

Figure 6 is a photograph showing the ICD in-
stalled on the test fan in the anechoic chamber.

4 iz Isstremeszation

Far field acoustic data were aquired em a
7.6 = (23 ft) radiss from 0° go 90° from the
fan inilet axis (im 10° jocrements). Signals
frem Che 0.64 ca {(0.25 isn.) microphomes were re—
corded o= magmecic tape for later sarvew bandwidth
spectral amalysis. The outpet of this marrew
bandwidthk d p level amalysis was digit-
ized and traasmitted o a campuler for further
ssglysis. Usiag 2 compster redectiom program,
sarrow bandwidth sound power lewel spectra were
generated for the forward arc (0° go 90° frem
the fas iuler axis).

The b->t microphone (seem ia Fig. 1) wvas used
to obtaia contimmous directivity ressits at a
6.1 m (20 fr) .adius cemtered ia the piane of the
fan inlet highlight. The sarrow basdwidth spec—
tral amalyzer was used to somitor the fucdsmeatsl
and first overtone lewe’s for these boom traverses
{80 gz banawidth).

III. Results and Discussion

Aevodynamic Results

The fan operating map (Fig. 7) shows the
aercdynamic performance of the research fan as
tested in the anechoic chambor.l0 Mosc of the
acoustic results presented in this paper are for
the fan operation on the standard operating lime.

Acoustic Results

Because of the high design speed of this re-
search fan, most of the acoustic results discussed
in this section will be for 60 and 702 of design
fan speed. Above 70I design speed the rotor rela-
tive velocity is well into the supersonic region
where inflow control has little effect on strong
myltiple pure tone generation associated with
rotor blade leading edge shock waves. Since the
research fan in this study was a cut-on design,
inflow control was not expected to substantially
reduce the fundamental blade passing tone levels
if they were due to rotor-stator interaction.
However, as the following results will show,
rotor-inflow interaction noise still appears to be
the dominant fundamental tone generation wechanism
- even for the cut-on fan design.

Tests of the original aft suction concept
showed little tone reduction without the addition
of an ICD to condition the bulk of the inflow.

The results implied that disturbed flow at the
inlet lip and inlet duct boundary layer is not the
major source for the rotor-inflow tone noise gen-
eration.

Sound power level spectral. Sound power
level (PWL) spectra were calculaced for the for-
ward arc. Figure 8 shows PWL spectra for 60 and
702 design fan speed. Figure 8(a) compares PWL
spectra at 60X design fan speed for the baseline
fan stage without inflow control to spectra for
the stage with the basic 1CD, and to spectra for
the configuration with the inner screen liner and
aft suction. The basic ICD is seen to reduce the
fundamental tone power level by about 8 dB. A
further 4 dB reduction of the fundamental tone was
realized by the addition of the inner screen liner

s | S



and aft suction. The first owertome lewels
(designated 2 x BPF oa Fig. ${a)) showed a small
refuclion with Che basic 1D, But were reduced am
sdditions] 3 48 withk the additional iaflow com-
trel. The results for the basic ICD with the
liser screea iz place, but mo af: suctionm were
essentially the ssme as those for the basic ICD,
aad ave mot showm oa this figure.

Figere 8(b) shows the same comparisom for the
fam operating at 702 of design speed. These re-
sults are similar to those of Fig. 8(a), showing
ronsiderabie reduction of the fumdamental tome
level with the basic IOD, and further fome reduc-
Ctiom with the additice of the imner screeam and aft
suction. Thus iz the presemce of the dasic I(D to
condition the bulk of the inflow, there is evi-
dence thar disturbances associated with forward
flow on the culside of the fan inlet or with flow
around the ianlet lip are present to generate tome
noise. This coatrasts with the case cited above
where without the ICD there was oo effect of aft
suctioa.

The rotor relative wvelocity is in the super-
sonic regiom at 702 design speed for this fan. In
Fig. &(b) there is evidence of the initial stages
of multiple pure tome generation in the baseline
(no inflow control) spectra at about 4 kHz and
again between t'.c fundameatal and first overtone.
These MPTs were essentially reduced to broadband
levels in the spectra with inflow control. At 802
design fan speed the multiple pure tones were well
established and essentially no difference was seen
between the MPT levels for the baseline and inflow
control cases. A similar observation om the ef-
fect of inflow control oa suppressing MPT genera-
tion in the trans-sonic roltor tip speed range was
reported in Ref. 4.

Sound pressure level directivity. Directiv-
ity results for the baseline fan and for the fan
with inflow control are shown in Figs. 9 to 11.
These tone levels were obtained from narrow band-
width SPL spectra (80 Hz bandwidth) from the
fixed, far field microphone signals and from the
microphone boom signal.

The fixed-position directivity plot for the
blade passiag tone at 602 design fan speed is
shown in Fig. 9(a). The baseline -esults show a
directivity pattern that is typical for rotor-
inflow interaction in which the energies of many
acoustic radiation modes are combined with no
particular modal nattern dominating the directiv-
ity. (See Ref. 12 for a discussion of the addi-
tion of acoustic modes.)

Essentially similar results are seen with the
ICD with and without the inner screen liner.
A lobed pattern begins to appear in the directiv-
ity with this level of inflow control, suggesting
that a limited number of driving modes now control
the directivity. However, with the addition of
aft suction a different lobed pattern emerges at a
somewhat further reduced level. As was previously
discussed, the aft suction was expected to greatly
reduce inflow disturbances originating from any
disturbances introduced by the ICD-fan inlet
interface as well as disturbances from forward
flow on the outside of the inlet merging with the
inflow Loundary layer. This change in the lobed
patter with the addition of aft suction gives evi-
dence for the existance of such local flow prob-
lems with the other ICD configurations.

The directivity witk samiame infiow comtrol
(I with aft suctiom’ does act show a stroegly-
lobed stru-ture. This suggests thit the residual
fan fundamental tome is noz coatrolled by a few
roter-statlor imteractiom generited modes for this
fa=z speed and rotor-stator spaciag (1.6 roter
chords).

The coatisscus-sweep SPL cirectivily resuits
from the microphome 00m signal correspoading teo
the fixzed point results of Fig. 9(a) are showm in
Fig. %(b). The results for the I(D with screea
liner were omitted for clarity. Distiact lobes im
the directivity structure for the base ICD results
are quite evident in this figure.

The bilade passing tone SFL directivily re-
sults at 701 desigrn fan speed (Figs. 10{a) and
(b)) show essentialiy the saee trends as were ob-
served for 601 design fan speed. The remaining
lobed structure in the directivity with maximum
inflow control suggests a tome comtribution from
rotor-stato:r interaciion modes.

Directivity plots for the first overtcne
(Figs. 11(a) and (b)) show a wodest tome reduction
at all angles with the maximum inflow control con-
figuration. The reduction of the first overtone
with inflow control is considerably less than that
observed for the fundamental tone. The results
for the intermediate inflow control configurations
fell between these two curves.

Tone sound power level. 1u¢ fan blade pass-~
ing tone sound power level is shown as a {:~-tliom
of fan speed in Fig. 12. Inflow control is seen
to be very eftective in reducing this tone level
at 60 and 702 design fan speed. The effectiveness
of inflow control is greatly reduced at 802 design
speed and above, where the rotor relative velocity
is well into the supersonic range. Againm, the
addition of the inner screen to the ICD did not
appreciably reduce the tone level.

The approximately 3 dB reduction of the tone
level with inflow control at higher fan speeds is
due to a reduction in the rotor-inflow interaction
noise at angles nearer the fan axis. For example,
Fig. 13 compares the blade passing tone SPL direc—
tivities for the baseline and maximum inflow con-
trol configurations at 90% design fan speed. The
directivity pattern associated with the rotor-
alone tone generaticn at supersonic tip speeds
peaks near 60° from the fan inlet. No tone re-
duction was observed with inflow control at 60°
to 90° from the inlet axis, where the levels
were controlled by the rotor-alone field. How-
ever, inflow control does reduce the tome level at
forward angles where rotor-inflow dominates. The
net results are the small tone power reductions
observed with inflow control at supersonic blade
tip speeds.

The choke operating line results of Fig. 14
suggest that the moderate inflow control afforded
by the basic ICD is more effective in reducing the
blade passing tone for fan operation on the choke
line than for operation on the standard line at 70
and 80X design fan speed. Fan operation on the
choke operating line results in a higher axial
velocity for a given fan speed, thus slightly re-
ducing the rotor-inflow incidence angle and rotor
loading. These results suggest that such changes
in the rotor operating condition may influence the

1 N o o



seasitivity of the blade passing tone iewel to
ieflow comditioms.

Figure 15 shows the fivrst overtone PUl as a

fumction of fam speed for the baseline and maximum

intlow costvol coafiguratioas. Inflow comtrol

resulted ia about a2 5 dB reductioa in the overtome

at 602 design fan speed, with decreasing effect
with increasing fan speed. Thus, the first ower—
tome is coatroliec by rotor-inflow iuteractioa at

lower fae speeds, vith rotor alone tome generatiom

becoming more significant with increasing fa=a
speed.

IV. Susmary of Results

1. Rotor—inflow interaction appears to be a
stronger source thaz rofor-stator interactioa for
the forward radiated blade passing tone as evi-

denced by the effectiveness of inflow control with

this cut-om fan at a 1.6 rotor chord rotor-stator
spacing.

2. Aft suction used in conjunctioe with an
inflow control device was beneficial in further
reducing forward-radiated blade passing tone
levels.
the forward flow on the outside of the fan inlet
or associated with flow around the inlet lip may
be an important noise generating mechanism. The
disturbances could alsy come from irregularities
at the mating suriaces between the ICD and the
inlet outer wall.

3. The sensitivity of the fan blade passing
tone level to inflow conditions is reduced when
the rotor incidence angle is decreased by opera-
tion on the choke operating line.
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rel. - Research fan installed in anechoic chamber,
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o BASELINE, NO INFLOW CONTROL
s WITH ICD, LINER, AND AFT SUCTION
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Figure 13, - Blade passing fone SPL directivity at 7,6 m (25 ft)
radius. 90% design fan speed, standard operating line,

SOUND PRESSURE LEVEL,
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OPEN  CHOKE OPERATING
SYMBOLS LINE
SOLID STANDARD OPERATING
SYMBOLS LINE
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) 12 7 710 810 910 Figure 15, - Narrowband 1st overtone
% DESIGN FAN SPEED sound power level as a function of
fan speed. Standard operating line,
Figure 14, - Narrowband blade pass- 80 Hz bandwidth.

ing tone sound power level as a
function of fan speed, 80 Hz band-
width,
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