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SUMMARY OF FORWARD VELOCITY LFFECTS ON FAN NOISE

Charles E, Feliler and John F. Groencuweg
Natlonal Aeronautics and Space Administratien
Lewis Research Genter
Cleveland, Ohio

The available experimental dats comparing the
in-flight and static behavior of fan neise are re-
viewed. These results arc then compared with recent
data obtained for 2 fan stage tested with forward
velocity in the NASA Lewis 9%15 low speed wind tun-
nel. Tentative conclugions are presented, based on
the auther's judpments, sbout the gignificance and
nature of the changes in noise observed when a for—
ward veloeity is imposed. Finslly, the implications
of the emerging picture of in-flight fan source
noise for gsuppressor design are discussed.

Introducticn

Qver the past several years, sloce the appear-
ance of alrcraft flyover noise data, the chief em-

‘phasis in fan noise has centered around the yeduc-

tions in flyover noise relative to ground static
test nolse. Questlons that arige are: What are the
causes of the reductivns? What is their spectral
extent? Over what range of fan operating conditions
do they occur? What metheds or teconiques will al-
low adequate simulation of f£light vehavior in ground
static testing? Although these can be answered to
somg extent, fully satisfactory onswers will have to
come from current or planmed programs.

The importance of the problem is first, that
predictions of flyover noisc levels from static test
data are in error. From the standpoini of source
noise the degree of impact will depend on the paw-
ticular fan stage, 1ts spectrum snd the sources
present. For flyover noise prediction, source noise
error 1s only a part of the problem since atmo-
spheric propagation effects and installation pffects
also appear to contribute significantly.

The second aspect of thé problem concerns eval-
uation of source nolse reduction concepts In ground
stakic tests where the concept benefits may be to-
tally or partially obscured, This faetor has direct
impact on our understanding of noise generation
mechanisms, Thus for a number of years there was
some doubt of the benefit of designing a fan stage
for cutoff of the blade passing tone due to rotor-
stator interaction because of. the preominence of this
tone in static test data from such fan stages.

Other concepts intended to reduce rotor-stator in=

" teraction moise quike likely have been incorrectly

evaluated also,

This paper reviews some of the dakta and obser-
vations previously published concerning the Elight/
ground static behavier of fan noise. The recent
data obtained in the NASA Lewis 9x15 acoustic wind
tunnel have provided some especially interesting re-
sults that are included in the review, Also, re-
viewed, briefly, are recent theoretical results re-
lating to the modal structure of fan noise and to
the implications for acoustic suppressors. Views
that are expressed about what is known and what is
unknown in the overall problem may not be univer-
sally shared, Even so, they may serve to promote
further discussions of the subject to aid in reso-
lution of the problem. :
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Causes of Flight/Stntlc Noise Difference

The accepted and often postulated couses for
the changes in fan source noise occurring between
static and flight testing are illustrated in figurel
which appears in this or a similar form in a number
or references. The fipure suggests that the condi-
tion of the inflow 1s the cause and that the inflow
is very clean in flight, where in accord with the
relatively low contraction tatio, the air is drawn
essentially from in Eront of the inlet. Thus the
only disturbances in the flow are those of the at-
mosphere which, due to the low contraction ratio,
pass thyough the inlet with lictle scale or inten-
sity changes.

Conversely, in ground static testing, the in-
flow undergoes a large contraction and 15 drawn
from a spherical region that includes reverse flow
over the exterior cowl. The flow thus passes over
any support structure and any protuberances from
the cowl. The resulting disturbances and any atmo-
spheric turbulence then underge elongatlon along
flow streamiines in proportion to the large £low
contraction. These disturbances are seen by the
rotor for a pumber of revolutions and the interac-
tion results in tone noise. A leading proponent of
the importance of atmospheric turbulence as a source
of inflow disturbance ia Hauson.:

Another stacric source suggested is the ground
vortex which has the same effect as the other fiow
disturbances.

the relative importance of these different
static test flow disturbances prodably depends on
the particular test imstallation. Thus, an outdeor
test stand wich structural {ronwork probably differs
from a clean inlet protruding from the wall of an
anecheic chamber. ‘Their relative importance has not
been ¢learly delineated in any test installation to
the authors’ knewledge but from the favorable com-
parisens of fan noise data, all static test instal-
lations seem to have sufficlent total disturbance
levels such that comparable noise levels result.
Information on disturbance sources would seem to be
essential to establish the kind of passive flow con-
ditioning structure to be used and where and how to
deploy it to enable simulation of £light behavior.

Comparison of Fan Imlet Duct Flight and
Statie Noise Data

In-£light fag noise data are published for the
Rolls Royce RB211 )3 engine and the General Electric
CcF6-6917 and CFE-506 engines, These enplnes are
similar in several respects pertinent to fan neise.
They all have supersonic fan tip speeds at take-off
conditions; they all are designed with cutoff of the
fan fundamental tone due to rotor-stator interaction
‘at approach condirions; and as fan tip speed is in-
creased the fundamental tone due to the rotor alone
cuts on before that due to Totor-stator interaction.

Induct data are alsp available for the JTBD re=-
fan cngine. These data were cbtained in the flight



part of the NASA Refan progrom by Douglas Aiveraft
Company. The refan engine differs from the three
previcus engines in that it has inlet puide vanes
that are thz source of o cut-on fon fundamental
tone. The fundamental tone from the rotor-stator
source 1s cut off at approach conditiouns.

The last set of data to be included in the com-
parison wae obtained for a fan stage ogarating in
the Lewis 9x15 acoustic wind tumnel.?» This fan
stage (rotor-55 used in the NASA QCSEE noise re-
search program) operates with a subsonic tip specd
and is desipned for cutoff of the rotor-stator fun-
damental tene. The data from this fan were taken in
the acoustic far fleld., This fan differs from the
others in the comparison in that the operating speed
range never permits the fundamental tene from the
rotor alopne source to cut om while the tene from the
rotor-siator interaction should cut on near the fan
design speed.

The purpose of reviewing these data is to try
to develop a conskstent picture of the impact of
forward velocity on fan source noise including those

- aspects that need further study. Figure 2 compares
the in-duet spectra from cach of the fans for static
and forward velocity opevation, Figure 3 shows the
far field gpectra measured in the wind tunnel. The
comparisons are made at a subsonic tip speed typical
of alrcraft approach engine speed and at a higher
tip speed nearer to takeoff speed.

Broadbaad Hoise

At Efrse glance ar fipures 2 and 3, the chief
difference between these apectral pairs is the sub-
atantially reduced level acrogs the spectra seen in
the flight data for the CF6-50 engine at both
speads. This general dectease in broadband nolse
does not occur in any of the othey spectra including
the far field data for rotor 55. Some smaller re-
ductions are scen over more limited gpectral ranges
that are often within the tone skirts., Ik would
seem that the inflow cleanup pictured as the cause
of the In-filght reductions, should reduee broadband
noise; however, the bulk of the data seem to supgest
otherwise., This result suggests that the source of
broadband noise is dominated by another mechanism
such as rotor-stator interaction er inlet boundary
layer turbulence interacting with the rotor.

Turbulence in the rotor wakes interacting with
the stators appears to ba a highly likely source for
the broadband noise. Hanson quotes results by Clark
and Mugridge which show that the rms turbulence wel-
oclty im the rotgr wakes is equal to the mean wake
velocity defect, Ihis result has also been ob-
tained more recently by Lakshminarayana. Further
support for rotor wake turbulence as the source of
broadband fan noise ie found in the results of o re-
cent experiment to Teduce fan noise by increasing
the stator cherd length (Increasing the stator
length reduces the regponse of the blade to incoming
Elow perturbations). 1" Reductions of up to 5 dB
were observed over a range of broadband spectral re-
giong when the stator chord length was increased.
This result was observed in ground static testing
where the blade passage tone level, since it wes not
teduced by increased stator chord, appeared tc. be
totally controlled by inflow disturbanees, Thus, in
the presence of considerable inflow disturbance,
broadband noise appeared to be controlled by rotor
wake turbulence via the roter-stator source mecha-
nism.

Fan broadband noise has been observed to be
quite sensitive to changes in thfzpnrticular opera-
ting line or loading of the fan. An example of
the effect is shown in figure 4 where one-third ge-
tave sound power spectra over the inlet quadrant are
showm for the NASA Lewis QF-6 fan sta%e at four op-
erating lines ond a single fan speed.l3 The daca
show a regular increase in the broadband spectral
content as nozzle arca is reduced (as the stall or
surge line 1s approached). In this sequence the
angle of incidence of the air to the rotor blades
and thus the blade loading are continually inereas-
ing. The fundamental tone level shows mo change
while the tone harmonic levels inerease somewhat
over this range of parameters.

These results are quite revealing with regard
to the sources of the noise, The lack of loading
effect on the fundamental teone is comsistent with a
dipole source model involving inflow disturbances
interacting with the rotor. 1In the dipole model
there is no coupling between the steady blade load-
ing and the unsteady flows for the rotor alone. On
the other hand, the loading effects on the tone har-
monies and broadband noise are consistent with a di-
pole model for rotor-stator interaction, In this
case the loading effects appear through the increase
of the rotor wake veloeity defect and turbulence
which are known to Inerease with loading, 1In refer-
ence 12 it is postulated that the broadband source
is due to the yotor alone. 1t is possible that if a
fan stage were operated with low loading (£ar from
stalil), that the resulting low levels of broadband
noise from the Internal sources would allow the ef-
fects of forward velocity on other broadband noisc
sources to be observed. Perhaps such a low leoading
condition accounts for the ohservations made for the
CF6-50 engine.

From the foregoing discussion, it appears that
the most gemeral conclusion regarding fan broadband
noise is that forward veloeity has little effect on
this source noise component because it is controlled
by a source not flight dependent such as roter wake
turbulence interacting with the stators.

Tone Hoise

A closer examination of the spectral compari-
sons of figures 2 and 3 shows that with forward ve-
locity the level of the fan fundamental tone is re-
duced compared to the statie test level. This re-
gult is displayed more clearly in figures 3 and 6
where the fundamental tone sound pressure levels are
plotted as a fupnction of fan tip relative Mach num—
ber. Here the fan data follew several different
patterns.,

The data for the CF6-50 engine show a reduced
in-flight tone level throughout the range shown, In
fact, the veducktion is somewhat greater for tip
relative Mach numbers greater than one where the
tone due to the rotor alone source can propagate and
wheve muleiple pure tones are possible. In con-
trost, data for the CF6-6, RB21L, and JIBD refan en-
gines show the largest reduetions at the lower
speeds with substantially diminished reductiens at
tip relative Mach numbers near and greater than one.
This convergence of static and flight tone levels at
high tip speeds has been rationalized by arguing
that shoclk related multiple pure tone generation
should be insensitive to inflow conditions. Yet
questions reémein. Ave multiple pure tone levels



accentuated or diminished Ln flight? Reference 5
argues that they are incrcased. Does the presenec
of acoustic treatment in thesc inlets (all except
rotor 55) change the apparent source characteris-
ties?

The rotor 55 dota (fig. 6), all at low values
of tip relaotive Mach number, show a wide divergence
between forward velocity and statlc conditions. A
third eurve, representing the broadband nofse at the
blade passing frequency, is also showm. It can be
seen that the tone level is not far above the broad-
band level over much of the operating ronge. In
this fan with clean inflow, the only fundamental
tone source, rotor-statdr interaction, exceeds the
cutoff speed at a tip relative Mach number of about
0.9, The very low tone level at and above this
speed suggests that the rotor-stator source, while
above cub-eff, propagates upstreom very weakly,
possibly the result of the rotor-stator spacing
which was ene rotor chord. A similar situation
exists for the JT8D refan engine where the fundo-
mental tone wes reduced several dB in flight even
though the inlat gulde vane-roter source tone can
propagate. The effect of sound transmission through
the upstream blade row is anotheyr consideration that
may enter into the behavior observed,

The totor 55 data and the JISD vefan data may
be the best Indication of the true levels of blade
tow interaetion noise. The rotor alone source is
cutoff and with clean inflow the chief tone source
remaining should be blade row lnteraetlon., As was
already mentioned this spacing was equal to one up-
stream chovd length for rotor 55 while it was nearly
two chord lengths for the JT8D refan engine. Rscent
wake decay results obtained by Lnkshminaraysnal
show a decay rate hi?her than the rate from the of-
ten used Silvegsteinlé results for an isolated air-
foil ‘and, thercfore, the interaction noise should
alse fall off at a foster rate. The results all
point to the need for experimental data on blade row
spacing including aft noise levels in a ~lean inflow
environment to clearly establish the efftect of this
parameter. The prosent data suggest that this
source may be weak enpugh seo thdt unnecessarily
large blade row separations have been employed for
tone poise reduction purposes.

The remoinder of the spectra, mostly consisting
of tone higher Barmonics, show no consistent effect
of flight which could be generalized from the limi-
ted published data. Sinece higher tone harmenics in-
clude rotor-stakoy Intersckion as a source, the ar-
guments applied to the cut on fundamental tone in
terms of spaeing ond blade row transmission apply.

Other Charscterizavions of Flight/Static Effects

One of the interesting findings di{fereatiacing
flight and static noise is the reduetion in tone un-
steadiness observed in going from statlc to flight
condditions. This result is taken to spbstanciate
the finding that the source of tone noise In statie
testing is unsteadiness of the fulet flow that is
alleviated in flight. It is not clear that the un-
steadiness 1s due solely to atmospheric turbulence
in the inflow as opposed to fluctuations in the
other possihle jources w.mtioned earlier in refer-
ence to figure L, but this is one pessibility,

Anothe result is shown in a comparison of the
directivities of the different spectral components.
These results are from the 9x15 tunnel tests of

rotor 55.7 Detafled spectral directivities from
flight experiments are not publisghed snd the prob-
lems encountered in obtaining such data ia sny ac-
curate form are formidable,

Figure 7 shows directivities, measured with
and withouc tunnel [low, of the fan first and sec-
ond harmonic tones and two broadband reglons repre-
sented by 1/3-octave bands, ot 0,7 and 1.4 of the
fan fundamental tone.? The amplitude width of the
bands is related to the unstesdiness of the sound,
The directivities, excluding that for the second
harmonic with eunnel flow, are remarkably smooth
and similar to each other im their variation with
angle, The level decrease with angle Is somewhat
greater with tunncl f£low than it is staciecally.

The smoothness of the directivity pstterns suggests
a multimodal noise source and the flight-static
change suggests that the forward velocity may have
eliminated some of the modes near tutoff that were
contributing to the levels near 90° in the static
case.

The directivity of the second harmonic tone,
with its lobular sppenrance, suggests that only a
few modes are present, presumably the five possible
from rotor-stator interuction. Tiese results will
be consideved again in relation t¢ suppressor de-
sign.

Before leaving fipure 7, we note that the sec-
ond harmonic measured statically was alse quite un-
stoady and that Lt became steady with essentially
no reduction in average sound pressure level with
tunnel flow. Apparcntly the two sources of this
tone, inflow disturbances and rotor-stator interac-
tion, were of rearly equal strength so that elimi-
nation of the unsteady source produced no mean level
reduction. In fact the switch from many to a few
modes 1ndicated by tihe directivivy change fmplies a
profound change In the scecond harmonie genceration
processes. It i5 possible that the raoter wakes and,
therefore, the rotor-stator interactions are sercng-
1y medulated and altered in strength by inflow dis-
turbances.

A third intercsting Eindinpg {s the relatively
small forward veleeity required to bring about the
flight effect on nolse. Figure 8§ shows the de-
crcase in mean tong level as a function ef tunnel
speed for rocor 535 and &5 2 function of flight
speed for the RB211 engini 3 It is interesting thot
twe such diverse experiments should give such simt -
lar vesults: Both showed a rapid fnitial reductiisn
of tone ievel with increasing forward speed with a
knee in the curve at about 15 mfsce or less. As
forward speed was increased above 15 m/sec very
little or no further reduction in gonc lavel was
observed, Agaln, the data do not teveal which of
the passible sources of unsteady flow are invelved
and what tlwir relative importance §s. Perhaps the
two experiments really ore not so d ffeyent, but
are from gimilar envivonments where a ¢ ~wn effec-
tive noise produclng source is present, ‘ther sta-
tic test imstallations, such as outdover yvngine or
fan stands with all thelir support stYucture or
anechoie chambers, where the fan -3 ge is mounted

. through cthe wall of the chamber v .wae wolls aspi-

rate to supply inlet air, certai-:ly srem te be dif-
farent in an overall sense, As Was mentioned ear-
lier, the lack of krowledge of tl. importance and
strengths of possible sources ul unsteady flow iy
fele to be . deficlency In’our vnderstandine that
will be particularly fwportant shon seleebiveg v



passive control system (honeycomb or screens) for
simulating flighc behavior scatically. The sense
of this stotement i{s thac, while the sources all
take the form of some kind of Inflow unsteadiness
or disturbance, one will still have to know if the
disturbance is localized in a single or few reglons
within the inlet or whether it is a random disturb-
ance occurring throughout the inlet flow field
(i.e., the difference between atmospheric turbulence
and a ground vortrx or structure generated wake).
The alternative is to de’sign the system for the
worst case with all types of disturbances pregrent.

While substantial reductions in f£an noise have
been effected with forward speed, Lt hos been diffi-
cult to increase fan noise deliberately in the same
bascline statie test instsllotions under discussion.
For example, experiments have been performed in an
aneéchoic thamber to evaluate the influence of tur-
bulence generating gridsld and the effect of a
ground vortexl® gn fan source nolse. In the first
case, tone levels that were expected to increase
with the turbulence grids present did not change,
Some increases in broadband level were ohserved.

In the second case two strong ground vrritices lo-
cated to each side of the 5 o'clock position in the
inlet coused increases of 2 to &4 dB in fundamental
tone power. The vortices were generated by a ground
planc located 0.9 inlet dismeter below the inlet
centerline which placed it In contact with the imlet
lip. Other attempts to influence the tone noise
from a fan stoge in a statle test faecility have re-
sulted in the same lack of impact. The behavior
suggests that the naturally ececurring inflows are
already so unstendy or disturbed that any further
increase in nolsc vequires a large change in dis-
turbance level. It scems incredible, in view of the
widely disparite test installations, that there
could be a single controlling disturbance such as
atmospheric turbulence or a ground vortex, common te
all cases. We reiterate the [eeling that any pas-
sive control device will have to be customized for
the particular installation, a problem of practical
con¢ern, Forward velocity represents & unique solu~
tion that eliminates the flow disturbances from all
of the different souvrces possible, This sugpests
that active Elow control schemes to alter the flow
field in the vicinity of the fnlet lip, short of the
creation of the full forward velocity flow Field,
deserve exploration.

Theoaretical Effects

There have been several theorectlcal studies of
the effects of inflow distortions and turbulence on
fan gource noise,t317- Both dipole and quadru-
pole noise source mechanisms have been studied,
singly and combined., We are intercsted in what
these theoretical results show about the dependence
of noise on the different pagamcters describing the
inflow disturbance. These studies differ in detnlla
and direct comparisons are difficult to make. Some
goneralities appear to be possible, however.

The relevant parameters in the theory include
the axial and transverse extent of the disturbances
and the strength of the assoclated flow perturba-
tivns. In the case of turbulence, scales and Inten-
sities specifying the degree of anisotropy are key,
while for spatially fixed disturbances such as
ground vortices or facllity wakes, an axially per-
sistenk veloeity defect of snecified wideh charac-
tovt - - Lhe inflow.

Three general theorcticsl results may be sum-
marized as follows:

First, the sound power produced by the reotor/
inflow disturbance interaction is proportional to
the disturbance energy, that is, Lo the square of
the turbulence intensity or to the square of the
magnitude of the wake defect. Second, the bandwidth
of the acoustic energy pencrated is inversely pro-
parctional to the axial extent of the disturbaonce.
Long axial curbuience scales or pevsistent wake de-
fects produce narrow tenes at harmonics of the blade
passing frequency since the blades consecutively cut
the disturbance many times emitting a relatively
long pulse train. Conversely, short axial perturba-
tions produce brief, relatively erratic acoustic
pulses which are rich in broadband spectral content.
Finally, given relatively long oxial scaoles, there
are prefervad values of transverse scales which
maximize the conversion of turbulence energy inter-
acting with rototing blades into radiated acoustic
energy as shown in figure 9.+4Y:5 As transverse
scale is Iincreased beyond the peak, blade response
and the number of disturbance-coupled cirecumferen-
tial duct modes which propagate deczease toward the
limit where no sound is generated because distur-
bhunce size exceeds the fan diameter and the flow is
uniform with respect to the fan disk. On the other
hand, as traonsverse scole becomes small with respect
to fan radius, the number of circumferentially prop-
agating modes which are potentfally excited increa-
scs but the correlation area for rodintion from the
blades becomes negligibly small and sound levels de-
erease.

Beyond the obviously implied approaches ko con-
trolling inflow by reducing streamtube contraction
and decreasing disturbance magnitude oand axial
scale, the theoretical results suggest that passive
inflow control devices must result in transversc
scale lengths which do nor strongly couple ta blade
response. A device optimized for a given fan desipgn
may be less cffeetive for & different fan scale and
blade number. Correlarion of the results of more
thorough porametric ealculations with the existing
modele are desirable ko better define the interplay
of scales and intensities in dete¥mining generated
noise levels and to suggest the mest fruicful inflow
control strategies.

Impact om Flyover Noise

An important practical cencern is the exient to
which the source noise changes cbserved in flipght
affect community noise, Since the deminant flipght
effect seems to be the reductlon of the fundamental
fan tone, a calculational exevecise was performed ko
determine the impact of this rcduction on perceived
noise. Also we wished to sece if spectral placement
of the tone could be uged to advantape in low noise
fan design. The exercise was perfermed en the 173~
octave fan noise spectra shown in figure 10, This
gpectrum resembles that measured statically for
fan A of the NASA Lewis Quiet Engine program, The
data were for 807 of the fan design speed (tip rela-
tive Mach number, 0.96) and were for the peak Inlet
noise ahple, At this speed the fundsmental tome due
to rotor-stator Interaction is cut off; the spectrum
shows the stipng fundamental tone due to infloe dis-
turbances.

Also shown in the fipure is a "flight" spectrum
in which the in-flight inflow cleanup has been cre-
dited with an 8 dB reduction in the fan fundamental



tone. These two spectra were transiated in fre-
quenecy 50 that the blade passing tone was centeved
in each 1/3-octave band from 0.5 to 8 kHz. In each
ease the perceived noise PNL and tone corrected per-
celved noise IP'NLT were calculated to yleld the com-
parisons shown in Figuwes 11{a) and (b), respec-
eively.

Both mensures show a relatively woak dependence
on the spectral centering for the stotic case. The
highest values occur when the spectra ore in the
frequency range of greatest annoyance and then fall
off when they are either less chan or greater than
this vanpge, sn expected resule, There iz no great
gain to be made in selecting the blade passing tone
to be in any 1/3-octave band between about 1 and 4
kiiz based on the static data. On the other hand,
both measures ghow that the "£lipght" data diverge
from the static data as the spectrum center is in-
creased beyond abouc 2000 hHz. Thege differences,
static-flight, are shown fer both neise measures in
figure 11{c)}. The reduction in PNLT {8 smcen to be
about 3 PNAB up to a center frequency of about
2 kHz, increasing to a pesk reduction of about
7 PNAB for the spectrum centered at & kilz. This
range of voeductions in PNLT is in agrecment with
that rceported by Merriman, et al.®3:2% e resulc
indicates the significant contribution of the fan
pource noise yeduction toward reconciling the re-
ported discrepancies between the time histories of
flyover noise memsured in £iight and those projected
from static data.

The results also suggest that locating the
blade passing tone in the range of 3 to & kHz ond
designing for its cut-off due to forot-stator inter-
action could be advantageous from a coomunity noise
standpoint. ‘The reason for the result is that the
fan gsecond harmonic is then at 6 to 8 kiz, beyond
the frequency range of maximum annoysnce, The weak
fon fundamental in flight iz not a major contribu-
tox. The foregolng ideas should also apply Lf the
flight effect did not occur and 1f its role were
replaced by pcoustic treatment,

These conclusions may be too general. They
pertain to inlet noise only. Very little has been
published about the impact of flight inflow cleanu»
en aft fan noise, The meager daota that are avail-
able suggest that the aft reductifn also may be lim-
ited te the fanm fundamentnl tone,” I community
nolse is aft controlied, as it appears te be for
most published flight data, then the reductions in
aft PNLT must be comparable to reductions in inlet
PNLT or the net flight effect will not impact the
Effective Perxceived Noige Levels greatly. This
question needs further examination. The most re-
cently published comparisons of flight and static
projected time histories supgest that some discrep-
ancies {in aft noise reported carlier 23 have been
reconciled,”

Implications for Suppressor Desinm

The almost trivial conclusion that the supres-
sor be designed from consideration of the in-flight
source nolse spectra carries with it the idea that
less attention will be given to fan fundamencsl tone
puppression if the rotor-stator source is eub off.
There is more, however, The questions as to what
the in-flight modal structure is and whether it dif-
fers in the static test environment must be ad-
dressed.

1t has becn recopgnized for several years that
one of the very weakest links in the use of supres-
sor theory was thelack of knowledge about the modal
vontent of the input wave generated by the fan.
Lock of this knowledge led te arbitrary input
choices including modes corruspending to a plane
pressure wave, the least actenuated mode, equal
modal amplitude and equol modal energy, Recent ef-
forts to identify and charecterize the modal strue-
ture of fan source moisc have been most interesting.
In the abgence of proven asccurate experimental mea-
sureémenis or theorctical calculations of modal
structupr, NASA Lewis has been attempting to infer
modal cue:dent by comparisen of multimode source
models with experimental [an directivity data,
Soule25 found that the far-ficld directivitiecs of
both the first and second harmoniecs of the blade
pessing tones of two different fan stages measured
staticolly wire reasonably matched by a direccivity
model khat included all the possible propapgating
maden,

11 experimental divectivity patterns shown
earlier fur rotor 55 in the 9x15 tunnel are com- 6
pared wit . o multimodal source model in figure 12.2
The agreement spain is reasonably goed. The conclu-
gien is that a mulkimodal souce descriptlon, such as
equal energy ip all the propagating modes, or a sim-
ilar energy distribucion inferred from directivity
patterns, describes static and £light sources that
are broochond 4in nature or tones that are controlled
by inflow disturbances, The exclusion is for tones,
such ap thy sccond harmenic in the rotor 55 tests
that are controlled partislly or totally by rotor-
statar intevaction or the rotor locked multiple pure
tone souwrce. iIn these cases the source description
woule. include only those modes that can propagate
from these respecctive sources,

Huch'grugress and simplification has been made
by Rice26=3l 44 charncterizing the sound propaga-
tion, attenuation by scoustic suppressors, ond ra-
diavion from multimodal sgurces. It has been found,
for cxample, that the cut-off ratio, os classically
defined, serves to yeplace and make unnecessary the
consideration of individual mwodes in propagation and
attepuation apalyses. All modes hoving the zsame
volue of cutoff ratio, regardless of their lebe num-
ber and radial content, behave ldentically with re-
gard to thelr propagatien and attenvation In u seft-
wolled or hard-walled ducl and with regard to their
far-field directivity, This finding appeatrs to be a
conceptual breakthrough in the handling of fan noise
ond suppressor design. Preliminary correlations of
optimum wall impedance and maximum possible attepua-
tion by a supErGSSDr have been obtained in terms of
cuta £F ratio, 2728  Supressor design strategies have
been developed for multimodal sound sources using
the power gained from these correlations. The use
of cutoff ratio to replace individual medes has alse
been found to lend itself nicely to the description
of multimodal sources having an arbitrary distribue-
tion of energy including equal enerpy per mode as a
apecial casc, This is achfeved by the addicion of
an exgonent on cutoff ratie in the describing egqua=-
tion26 whose volue determines the degree to which
the energy distribution ia biased toward the modes
nearer to cuteff., The inferences about the source
noise mode rtructure drawn for both forward veloelty
and static test condirions, feed into these theo-
retical suppressor results to allow desipns that
are, in principle, matched to the source character-
istics. . :



Concluding Remarks

The discovery and evaluation of flight ceffects
on fan souree noise, while pointing to large prob-
lems with static testing of fans, have been a con-
structive influence in reestablishing confidenee in
such long-rtanding theoretical notions as cutoff
and rekindling interest in attacking fan noise at
its souree. There is now reason to reevaluate old
noise reduction concepts and to purswe new ones.
Techniques and procedures must be found to allow
simulation of the flight environment In static
testing. Meanwhile, an anecheic wind tunnel ap-
pears to be a useful tool to begin to reinvestigate
such fan geometry vatriations as rotor-stator spa-
cing and clarify forward wvelocity effects on aft
fan noise.

While the flight effeects on fundamental tone
noise may be exploited by designing for cutoff and
choosing blade passing frequency to minimize annoy-
ance, harmonics and broadband remain as components
to be suppressed. The limited directivity evidence
at hand indicates that the forward velocity envir-
onment does not alleviate the need for the suppres-
sor designer to address a source having multimodal
character, particularly for broadband noise. A
promising new approach to describing such a source
approximates the modal distribution as a eentinuum
which can be defined in terms of & single param-
eter, cutoff ratio. A suppressor deslgn method-
olody built around the cutoff ratio approach has
been developed. :

In sum, recent progress in all ihese areas
discussed has beecn remarkable and encouraging in
our opinion. The agenda for further work includes:
analyzing flight data for aft fan noise effects ol
forward velocity; exercising rotor-inflow disturb-
ance generation models to define controlling pa-
rameters describing inflow disturbances which must
be reduced and controlled; resolving the seemingly
contradictory results concerning the strength of the
totor-inflow disturbance source relative to the
rotor alone and rotor-stator sources; and clarifying
the impact of Inflow disturbances on broadband
noise. These are all the objects of recent and on-
going work in this field whose results we await.
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