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EFFECTS OF INFLOW DISTORTION PROFILES ON FAN TONE NOISE CALCULATED USING A 3-D THEORY
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National Acronsutics and Space Administration
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Abstraect

Caleculations of the fan tone acoustie power and
modal structuro gencrated by complex diastortions in
axial inflow velocity ave presented, The model uvacd
treats the rotor as a rotating three-dimensional
cascade and calculutes the acoustie field from the
distortion-preduced dipole distribution on the
blades including noncompact source effects, Radial
and edrcumferential distortion shapes are synthe-
sized from Fourlor-Bessel components representing
individual discortion modes. The relatiech between
individual distortion modes and the generated acous-
tic mpdes is exomined for particular distortien
cases., Comporisons between theorcticnl and experi-
mental results for distortions produced by wakes
from upstream radial rods show that the analysis d4s
a good predictor of acoustlc power dependence on
disturbance gtrength.

Introducticn

Many papers have shown that the fan noise luvel
differences between static testing and projections
to forward flight arc duc to the inflow distortion
and t:urbflence present duripng most statle test con~
ditions, However, the importance of the inflow
distortion contribution to fan noise will depend on
the particular fan stoge and inflow distertion
structure. It ig therefore of interest to theoreti~
cally study the fan noise due to inflow distortion
interactions with a three-dimepnsional annular blade
row and to compare the results of the theory to ex-
1gting experimental data, This theoretieal study
provides the fan noise modal struccure which is re—
quired for the prediction of far-field radiation
patterns?»3 and the design of agoustic suppressors
where Inflow distortion is the known source mech-
anism 4

A previous paper,’ prosented the thraee-
dimensional theoretical analysis of pure tone fan
noise generated by inflow distortion/roter intar-
action. It exctended the threec-dimensional unsteady
1ifting surface theory devcloped by Namba,® accepted
ag input various shapes of iaflow distortion, and
predicted the forward and aft radiated pure tone
power and modal power distribution. Specinl empha-
s8is waos placed upon the clarification of the role
of the three-dimensional and noncompact source ef-
feets, The numerical calculaclons for the full
three~dimensional model, a two-dimensional model
and a quasi three-dimensional model were carrled
out and compared for the case of an inflew distor-
tion which was uniform radianlly and sinusoidal eir-
cumferentially. However, real inflow distortions
are expected to have more complex shapes than the
simple sinusoidal circumferential variation, There-
fore, the presaent papaer explores the character of
the predicted tone generation for more complex dis-
tortion types. In particular, the relation between
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the modal content of the inflow distortion and the
generated acoustic ficld ia emphasized; and compari-
gons between the theoretical and cxperimental re-
sults for distortions produced by wakes Ffrom up-
stream radial rods are made. In the theoretical
procedure, the local inflow distortion 18 resolved
into Pourier-Bessel components, i.c., inlet distor-
tion modes. The effects of each inflow distortion
mode ars superimposad to obtain the individual acousw
tic modal powers generated which, in turn, are
summed to obtain the total pure tone acoustic power.
&n important property of this inflow distortion/
rotor Interactien analysis is thar the same acoustic
mode can be generated by all the inflow distortien
componcnts which have the same circumfarenticl mode
numbet, aven though their radial mode pumbers are
different. The next section summarizes the theoret-
icol model which is described in more detail in

Ref, 5.

Analveiral Model

Fluctuating Veloelty Induced on a Rotcr Blade Row

The theorctical model consists of a single
three-dimensional annular blade row with Np blades
rotating at constant angular velocity uwf in an
annular rigid-walled duct of infinite axial extent
us shown in Fig. 1{a), (Note that an.asterisk means
the quantity is dimensional and lengths are non-
dimensionalized by r%, the duct radius.) Thus tha
duer and reflection, the effect of upstream or down
stream blade rows, and the effects of duct area var-
iation are not considered. But, these effacts, ex-
cept for the area variation could be » yzed using
the solution procedure of the present wtudy., The
fluid flow {see Fig. 1(b)) is composed of an undig~-
turbed flow with a uniform axial valoeity W, and
small fluctuating flows w due to the inflow
distortion. The flow is inviseid, of uniform en~
tropy and has no thermal conductivity. The fluctua-
tions induced on the rotor by the inflow distortion
convected by the mean flow are asgumed to be isen-
trople and small compared with the undisturbed flow.
It is also assumed that the fluid velocity relative
to the blade 18 subsonic along the whole span and
that the blades have no steady load, i.e., a cascade
of flat plate airfoils is analyzed,

The Flucuating velocity q (r,8,2) ¢l%t induced
by the rotor blade row/distortion Interaction can be
obtained by integrating the linearized Euler's equa-
tion of motion apd the upwash component on the blade
surface can he expressed in the following form:
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whera Go,k is an acoustic dipole diseribution on
the blade surfaces and KT, 1s an upwash kernal
function, The upwash kernal funection containg pa-
rameters of Hp (blade number), h (hub-cip ratio),
q and p {circumferential and radial mode numbers
of inflow distortion), wp (rotor speed/axial flow
speed), ¢ {(interblade phase angle) and L (number
of terms in the finite series approximation for
Go,k}. The detsiled expressions for the kernal
function KT, are given in Ref. 5.

Inflow DPistortion

In this paper, the inflow distortion is assumed
to have only an axial velocity component. (Other
componantgd can be considered weing the same theoret-
ical methods.} When & Fourier~Bessel analysis of
arbitrary shapes of inflow distorcion is carried
out, the following axial component of externul
fluctuating velocity is obtained:

-iq(&-mTt)
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where Rq(k ,pr) is a radial eigenfunction of ¢q
order, €5 3enotes a small quantity which 1s the
tatio of the external fluctuating velecity to mean
flow velocity and By are the Fourler coeffi~
clents of the inflow agstortion. Then, the upwash
component of the external fluctuating velocity on a
blade surface cen be expressed by :
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I, i8 convenient to suppose that the distortion
veloclty can be expressed as the product:
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When the inflow distortion can be represented by N
Gaussian profiles (for W= 1, 2, ...} in the cir-
cumferential dlrection, then:

for j = 0,1,2,..,N-1
(8)

and we find that:
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0 otherwise, for q = 0, *N, #2N, ...

HModel of Red Waokes

For the specific casu of an axial veloclty dis-
tortion produced by the wake of a cylindrical tube
or rod of dimmeter d*; the magnitude of the wake
defect, £4, and the Gaussian half-width of the Wake
profile, @4, are given by the following equations
bagsed on Prandtls' mixing length hypothesis (cf.,
Ref. 7, p. 691).

1 x* 1/2 -
€, ———(—*) e, (8) (10)
41/0"‘_. 02227 \gp d

where 01(5) is given by eq. 8 and
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The N rods are a distance x* upstream aof the
rotor blade tip leading edge and Cp 18 the drag
coefficlent of a rod.

Determination of Acoustic Dipole Distribution

The upwagh component of the external flucuating
veloeity gy ,, must be cancelled by the induced
upwash veloclty qT(r.G,z)ei“t at the blade sur-
faces. Then, an integral equation for the unknown
agoustic dipele Go.k(c,q,p) is cbtained in the
form:

.,
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The quanticy 50 wlE,p) L8 calculoted from
eq. (12) by a collocation method.

Pure Tone Acoustic Power

The dimensfonless acoustic power Eg with re-
spect to the Jth pure tone fan harmonic (for ox-
ample, j = %1 eorrceponds to the fundamental) is
given by:

n L
Bl Z BT (n,2,0) (13)
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Eli(n,z,q) is the modal component of the dimenslon-
less acgustile power, and 1s pondimensionalized with
/4 pnﬂgcgrgz. HPx(n,%,q) denctes the nondimen~
sional pressure amplitude in the (n,2) acoustic
mode, which is gilven by:
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ar = 1 the axial wave number nondimensionalized by
rp. In egs, (13) to (15) the + and - subscripts
refer to downstream and upstream propagation, re-
spegtively. For the compact source analysis,
exp[—i(ai + an)cj = 1 in eq. (15).

Numerical Results

The numerical calculations are carried out in
thin paper for threo different rotor configurationa,
Thelr overall geometric and acrodynamic parameters
are given in Teble I and the radial variotions of
astagger angle, v, piteh~chord ratio, S, and ratio
of blade relative to axianl veloeity, Q/W;, are shown
in Figy 2, The numerical results include four cases:
(1) the acoustic power in the modal compopents gen-~
crated by particular Fourier-Dessel components of
inflow dlstortion in the casa of the fan denoted
Ho, 1; (2) the acoustic power and modal ‘ontent
variations with the half-width of a singlx Gousasilan
profile representing the loecal inflow distortion
profile In the d¢ireumferential direction (fan
Ne. 2); (3) the comparison between theoritical and
experimental tone power for the case of an upstream
distercion produced by the wake of a cylindrical
tube immersed to varying depths from the duct wall
{fan ", 2); and (4) the comparison between numeri-
cal aud oxperimental tone powers and the onalysis
of modal contant for the cases of 28 and 41 rod
wakes)interncting with a 28 bladed rotor (fan
Mo. 3.

Acoustic Modal Power Generated by Particulnr

Fourier-Nessel Inflow Mecortion Hodes

Figs. 3 and 4 show the fundamental pure tone
modal powers as a function of the eireumferential
Jobe number q of the inflow distortion whose
radial distribution 1s assumed to be the lst
(Fig. 3} or 3ud (Fig. 4) radial eipenfunction of
order q., Figs. 3{a) and 4(a) are for upstream
propagation, while Figa. 3(b) and 4(b} are for down-
stream propagation. The fan used in this caleula-
tion huas the lnrgest number of blades of the three
cnses as shown in Table I and, for similar tip speed
condltlons, generates the largest number of propa-
pating modes, The caleulations were limited to
1 £ 50, The lst radisl infleow distertion mode has
a maximum ampl{tude at the rotor tip, while the 3rd
radial inflew distortion mode has peaks near the
nlddle of the blade span. With the radial distor—
tion mode number p held constant, the radial dis-
tribution of inflow distortion velocities changes
continuvously with circumferentinl distortion mode
number q with more skewing toward the wall as ¢
inereasea. The maximum amplitudes of all inflow
distortion modes used in these caleulations arc
equal to 1, The numerical results show that while
the lst radial mode of inflow distortion generates
all radinl acoustic modes, the lst radial acoustic
mode, £ = 0, dominates for most values of g. The
Jrd radial mode of inflow distortion alse generates
all radial acoustic modes; hut, over a wide range of
q, many of them carrvy more power than p = § = 2,

In the case of the lst radial mode of inflow
distortion (Fig. 3), the lst radial acoustic mode
power ia larger than other radial acoustic mode
powers by more than 5 dB in both upstream and down-
stream caSe¢8, cxcept for the points at q = 40 and
the downstream values at q = 50, At gq = 40, the
cireumferential inflow distortion mode number equals
the rotor blade number and the circumferential
acoustic mode nuwnler, n, is zero (n = jNp - q). The
(0,0) acoustic modw 13 a vlape wave, IE one accepts
the incultive noilon that the acoustic pressures in
the various me 'es will eum in a mapner such that



the net radial variation will be similar to the
radial variation of distortion, then it is recason-
sble to expect o combination of 2nd ond Jrd radial
acoustic modes will exist at q = 40 in addition to
the plane wave, For the cases where n ¥ D, the

% = 0 modes mpparently provide a ressonable radial
mateh to the {q,0) distortion modes.

In the case of the 3rd radial mode of inflow
distortion (Fig, 4), the acoustic powers of the
higher order radiol modes (& » 2) contribure to the
total fundamental tone power over the midravge
values of ¢q which correspond to peak total funda-
mental power generation., The 3rd radial acoustic
mode (% = 2) dominates only at lower values of g
near 20. Note thet the £ = 2 acoustic moda in
Fig. 4(a) shows a distinct minimum at n = 10.
is probably a point where the resyltant acoustic
dipole distribution on the blades cannat couple
with the (10,2) acoustie mode similar to the case
discussed in connecticn with Fig. 13 of Ref, 9
which applied to rotor-stdtor interaction. In gen-
eral, for caser other than the sigplesc (p = 0)
radial variatiow of inflow distorcion, we are not
yet able to ratlopalize the calculated distribution
of radial acoustic mode powers produced by a single
higher order radial distortion mode,

This

Acoustic Power und Modal Content Generated by a

Coussion Cirecumferentinl Inflow Distortion Prefile

Fan No. 2 used in this calculation has a low
tip spead and small blade number. Therefore, the
total number of acoustic modes generated at a par-
ticular circumferential distortion mode number is
less than for fan No. 1. Filg., 5 shows the acoustic
power generated by fan No. 2 dntevacting with a sin-
gle inflow distortion represented by a Gaussian pro-
file in the circumferential direction and a radizl
step function veloclty defect that extends from the
blade tip down to 72 percent of the span. The pover
is plotted as & functlon of the half-width of the
Gaussian profile, 85, Results are shown for the
total, lst, 2nd, and 3rd hermonlc tene powers pro-
pagating in bhoth upstream and downstream directicns.

Fig., 5 ashows that the acoustic power in any
harmenic peaks at particular values of the Gaussian
half-width. This phepomenon, mentioried in lef. B
and discussad in Ref. 1, is related to an interplay
between the number of propagating acousti: modes and
the Fourier-Dessel inflow distortion harmonic am-
plitudes which can couple to the acoustic modes., An
example of the circumferential Fourier distortion
harmondics corresponding to the conditions of Fig., &
is shown in Fig. 6 for several values of Gaussian
profile helf-width, The range of n (or q) corres-
ponding to propagating clreumferential acoustic mode
numbers 18 also shown., With an inerease in 9p, the
amplitudes of the iower order circumferential dis-—
tortion coefficlents, |ag|2, increase; but the large
amplitudes oceur over a smaller portion of the pro-
pagating range. The result of this coupling con-
straint 1is a peaking and deecline beyond a certain
value of profile width.

For values of 08 greater than about 0.02,
the downstream propagating acoustle power in the
fundamental tone 1B higher than the upstream power.
¥Yor the 2nd and 3rd harmoniec and the total power,
the downstream power is always greater than the
upstzeem power. Of course, in a real fan, down-

stream radiated power must pass through a stator
blade row and ia subject to modification, R

Figs. 7(a) and {b) compara compact source pre-
dictions with the noncompaci caleculoticns of Fig. 5
for upstream and downstream propagation, respective-
1y, These figures indicate that the scoustic power
differences between corresponding harmonice are con-
siderable for the fundamental and 3rd harmonle pro-
pagating upstream and for all harmonles propagating
downatream, particularly in the range of 82 around
the peak acoustic power Beneration

An explanation for this behavior is as follows:
The results in Fig. 7 correspond to summations over
the inflow distortien cirecumferential mode number
g, A8 q is varied, the noncompact acoustic power
in the fundamentel tenc is sometimes higher apd
pometimes lower than that based upon the cowpact
prediction (see Fig, 7 in Ref, 5). At large values
of By, the number of cilrcumferentinl distortion
harmonics whieh n couple to propagating acoustic
modes decreases and the net Acoustic power differ-
ences bhetween noncompact and compact resuwlts are
considerable ond varied in magnitude., At small
values of 09, the number of <oupling distortion
harmonice increases and therefore, the acoustic
power differences among modes are averaged out to
small net amounts in the summation over the wide
range of coupled q's for m particular tone har-
monic. ‘The compact source predictions in Fig. 7
tend to underestimate the upetream acoustie power
and overescimate downstycam acoustic power in the
fundamental tone., The trends at the 2nd ond 3rd
harmonics indicate that a compact source assumption
underestimates harmonic power for both propagation
directions, These rasults differ from those of
Ref., 9 which considered only trends assoclated with
aingle sinusoidal wodes of inflow distortion enter~
ing a two-dimensional cascade, The summation over
mapy distortion modes representing more complex
shapes such as the Gaussian, makes the effects of
neglecting noncompactness specific to the particular
case considered,

Figs. 8(a) and {(b) show the variation of the
acoustic mode structure with the half-width of the
Caussian profile, 87, Note that the minimun power
calculated was ~70 dB and that lower values are
plotted at ~70. The step radisl tip distorticen as-
sumed favors 1lst radial mode generation similar to
the results discussed in connection with Fig, 3.
For particular modes, clear generation minima are
also evident, e.g., for 8z = 0.0125, £ =0, n= 2
in Fig. 8(a)}. The envelopes of the peak powers of
the individual modes follow the trends with 4
shown in Fig. 6.

Comparisons of Theory and Experiment
A Single Tubge Wake Interacting with a Rotcr

Experiments were conducted in an anechoic wind
tunnel™” in which the variacion of upstream radiated
fundamental tone power was measured as funetion of
the length of a eylindrical probe tube inserted
through inlet wall upstream of votor No. 2, The
wind tunnel was operated with 40 knots veloecity and
the fan fundamental tone dus to rotor-stator inter-
action was cutoff such that iplet tone noilsge was
dominated by the probe tube wake interacting with
the rotor. Fig. 9 shows the measuvred and calculated
tone power (referepnced to full imwersion) as a func~



tien of proba immersion. The detoiled shape of the
probe tip is illustrated in .0e uppor right corner
of Flg. 9. ‘The probe tube woke was modeled with
Eqa. (9) to {11) as having o Gauosion profile in
the circumferentinl direction. A atep profile cor-
reaponding te immersion lepgth was used to represent
the radial distortion variation. The theoretical
results show good agreement with the measured In-
ereases in fundamental tone power per length inecre-
wment of probe jmmersion. For full immersion, L =
11 cm, the calculatod tone power is 130 dB compared
with the measured value of 133 dB. The absolute
amplitude caleulated is subject to seme uncertainty
aggocinted with the woke medeling; c.g., the effac-
tive 09 used to represent the somplex probe tip.
Of more significance 1s the agreement in the mea-
sBured power trend with ineressing probe immeraion.

Fig. 10 shows the variation of acoustic mode
powers contributing to the fundomental tone as a
functicn of probe tube immcrsion., The differences
in mode power between 6.7 cm and 11 em immersion
are seen to be small for both the 1lst and 2nd radial
modes echoing the overall powor variation shown in
Fig., 9 ond emphasizing that the generated power is
dominated by the fan tip region as previocusly shown
in Ref. 5,

Multiple Rod Wakes Interacting with a Rotor

A JT15D turbofan engine was operated on an out-
door test stand with twe separate sets of distortion
tods (28 ond 41) as a means of studyinpg the trans-
mission characteristica of inflow control de-
vices,ll The inflow control preatly reduced Ean
sources assoclated with inflew disturbances and left
the dominant rod woke - rotor interaction as the
main source of inlet noise. The fan parameters and
operating condition are described in Table T as fan
No. 3. The 28 rods were 0.635 cm in diameter and
extended from the wall 57,8 percent of the blade
span, and the 41 rods were 0,476 cm in diameter and
extended from,the wall to 62,5 percent span. The
centerline of both rod sets wns locoted 10.3 cm up=-
gtream of the rotor tip. Fig, 11 comparcs the cal-
culated and measured fundamental tone power and
shows the calculated distribution of modal powers
for the two cases., The modal powers are roughly
equal for the 28 rod case with the ¢xception of the
1ow 3rd radiel which appears to be another example
of woak coupling between blade dipoles and the (0,2}
acoustic mode, The agrecment between messured and
calculated tone powers 1s rather good in each case,
but such agreements of isolated powers are subject
to some skepticilam. The quantity of more interest
18 the compariscn of far~fileld dirsetivity between
measurements and predictions from the calculated
modal content, However, several links in the ana-
lytical chain relating source modes in an annulus
to far-field direceivity are missing. The modal
scattering in the transition from an annular to a
eircular duet awalts detailed numerical selutlon as
does the detalled radiation from an unflanged inlet
duct to the far~fleld with a superimposed inlet po-—
tential flow f£ileld, Ref. 12 looks at this same rod
disturbance data from the standpoint of inferring
source modal content from the far-field directivicy.
A reconciliation of those results with the present
calculation requires additlonal analysis.

Concluding Remarks

The three-dimensional, noncompact source theory
has been applied to calculate fan tone power and de-
tailed acoustic mode struecture for several assumed
inflow distortions of inecreasing complexity and for
experimental eituations whore upstream radial rods
generated the distortions., While gencrated radial
neoustic mode structure can be rotiopalized for tip
distortions (ist radinl discortion modes aoppear to
favor lst radial acoustic modes), the radinl acous-
tic mode content becomes much more complex for high-
er order radial distortion modes. Cirecumferential
distortion profiles such as the Gouseian used herein
slmply generate eircumferenticl acoustic mode con-
tent correspending to the eireumferential Fourier
harmenic content of the distortion, However, indi-
vidual ocoustic mede levels are subject to a cou-
pling conatraint mssccinted with the way the dipolas
on the blade surfaces couple to a particular acous-
tic moda, Poor coupling results in very low valuce
of generated mode power, The use of this minimum
gencration property to practically reduce fan nolse
would require that the mode minimized be the Bole
mode vesponsible for the particular tone harmonic
power generation at the given fan operating condi-
tion, The presence of other modes not obeying the
particular decoupling constroint would defeat the
tope power minimization, Generalizations regarding
the magnitude and sign of the differences betvween
compact and the noncompact source results are not
available for complex inflow distortions since the
net tone powers are the vesult of sumpations over
many individual rodes, each having varied degreecs
of noncompact dependence. The fact that the anal-
ysis is able to predict the trend in tone power as a
function of the imnersion depth of an upstream rod
disturbance 18 encouraging. An important task re-
maining is to link acoustic mode content at the fan
face to far-field directivity pattarns which can be
compared with experimental results.
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TABLE I. = FAN PARAMETERS

Fan numbar 1 2 3 -
Rotor blade number, Ny | 40 15 28
Dimensionless axial tip +055] .258] ,084
chord length, Cp
Rotor tip wpeed/oxlal 2,474] 1.052| 3,011
flow speed, wp
Rotor relative Mach .934( .865% ,913
number, My
Axial flow Mach number, .350! ,596} .288
M.
Hug/hip rﬂtio, h 040 46 . "00
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(b) INFLOW DISTORTION AND BLADE ROW PARAMETERS
AT A CONSTANT RADIUS.

Figure 1. - Nomenclature for analytical model.
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Figure 2. - Radial variations of stagger angle y, pitch-
chord ratio S and velocity ratio Q/W, of the rotor.
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Figure 3. - Fundamental pure tone power variation with
radial inflow distortion given by the Fourier-Bessel
1st radial mode of order q, fan no. 1, maximum
amplitude = 1,
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Figure 4, - Fundamental pure tone power variation with
radiai inflow distortion given by the Fourier-Bessel
3ra radial mode cf order q, fan no. 1, maximum
ampiitude = 1,
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Figure 7. - Comparison of compact and noncompact source
acoustic power prediction for a single Gaussian circum-
ferential distortion, fan no. 2, 28% tip radial distortion.
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Figure 8, - Variation of the fundamental tone modal
structure with half width of Gaussian circum-
ferential distortion profile, 28% tip radial distor-
tion, fan no. 2.
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Figure 9. - Fundamental tone acoustic power generated by
rotor-probe tube wake interaction, fan n», 2, upstream
propagaiion,
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Figure 10. - Variation of fundamental tone modal structure with
probe length immersed in a fan inlet, fan no, 2, upstream
propagation.
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Figure 11. - Modal structure of the fundamental pure
tone power generated by rod wakes interacting with
a fan, fan no. 3, upstrcam propagation.
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