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Calculations of the fan tone acoustic power and modal structure generated by complex distortions in axial
inflow velocity are presented. The model used treats the rotor as a rotating three-dimensional cascade and
calculates the acoustic field from the distortion-produced dipole distribution on the blades including non-
compact source effects. Radial and circumferential distortion shapes are synthesized from Fourier-Bessel
components representing individual distortion modes. The relation between individual distortion modes and the
generated acoustic modes is examined for particular distortion cases. Comparisons between theoretical and
experimental results for distortions produced by wakes from upstream radial rods show that the analysis is a
good predictor of acoustic power dependence on disturbance strength and fan speed.
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Superscripts
J =tone harmonic number

* = dimensional quantity

Subscripts

k =radial summation index

¢ =radial acoustic mode number

n =circumferential acoustic mode number
)/ =radial inflow distortion mode number
q =circumferential inflow distortion mode

number
+ =downstream propagation

= upstream propagation

Introduction

ANY papers have shown that the fan noise level dif-

ferences between static “testing and projections to
forward flight are due to the inflow distortion and turbulence
present during most static test conditions.! However, the
importance of the inflow distortion contribution to fan noise
will depend on the particular fan stage and inflow distortion
structure. It is therefore of interest to theoretically study the
fan noise due to inflow distortion interactions with a three-
dimensional annular blade row and to compare the results of
the theory to existing experimental data. This theoretical
study provides the fan noise modal structure which is required
for the prediction of far-field radiation patterns?? and the
design of acoustic suppressors where inflow distortion is the
known source mechanism.*

A previous paper® presented the three-dimensional
theoretical analysis of pure tone fan noise generated by inflow
distortion/rotor interaction. It extended the three-
dimensional unsteady lifting surface theory developed by
Namba,® accepted as input various shapes of inflow
distortion, and predicted the forward and aft radiated pure
tone power and modal power distribution. Special emphasis
was placed upon the clarification of the role of the three-
dimensional and noncompact source effects. The numerical
calculations for the full three-dimensional model, a two-
dimensional model, and a quasi-three-dimensional model
were carried out and compared for the case of an inflow
distortion which was uniform radially and sinusoidal cir-
cumferentially. However, real inflow distortions are expected
to have more complex shapes than the simple sinusoidal
circumferential variation. Therefore, the present paper ex-
plores the character of the predicted tone generation for more
complex distortion types. In particular, the relation between
the modal content of the inflow distortion and the generated
acoustic field is emphasized, and comparisons between the
theoretical and experimental results for distortions produced
by wakes from upstream radial rods are made. In the
theoretical procedure, the local inflow distortion is resolved
into Fourier-Bessel components, i.e., inlet distortion modes.
The effects of each inflow distortion mode are superimposed
to obtain the individual acoustic modal powers generated
which, in turn, are summed to obtain the total pure tone
acoustic power. An important property of this inflow
distortion/rotor interaction analysis is that the same acoustic
mode can be generated by all the inflow distortion com-
ponents which have the same circumferential mode number,
even though their radial mode numbers are different. The
next section summarizes the theoretical model which is
described in more detail in Ref. 5.

Analytical Model

Fluctuating Velocity Induced on a Rotor Blade Row

The theoretical model consists of a single three-dimensional
annular blade row with N, blades rotating at constant
angular velocity w7 in an annular rigid-walled duct of infinite
axial extent, as shown in Fig. la. (Note that an asterisk means
the quantity is dimensional and lengths are non-
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*re
b) INFLOW DISTORTION AND BLADE ROW PARAMETERS
" AT A CONSTANT RADIUS.

Fig.1 Nomenclature for analytical model.

dimensionalized by r¥, the duct radius.) Thus, the duct end
reflection, the effect of upstream and downstream blade
rows, and the effects of duct area variation are not con-
sidered. But these effects, except for the area variation, could
be analyzed using the solution procedure of the present study.
The fluid flow (see Fig. 1b) is composed of an undisturbed
flow with a uniform axial velocity W, and small fluctuating
flows w, , due to the inflow distortion. The flow is inviscid, of
uniform entropy, and has no thermal conductivity. The
fluctuations induced on the rotor by the inflow distortion
convected by the mean flow are assumed to be isentropic and
small compared with the undisturbed flow. It is also assumed
that the fluid velocity relative to the blade is subsonic along
the whole span and that the blades have no steady load, i.e., a
cascade of airfoils which have a helical undisturbed stream-
surface §,=0— wrz is analyzed.

The fluctuating velocity g(r,0,z)e’ induced by the rotor
blade row/distortion interaction can be obtained by in-
tegrating the linearized Euler’s equation of motion and the
upwash component on the blade surface, and can be expressed
in the following form:

Cyl?

qf(r,0,2)=——l‘£v_3 i ig /

poQ 4 g=—-® p=—x ~Car2

L-1

X Y, Gox (5.4:P) KT, (r8,2/5,0)dg (1)
K=0

The detailed expressions for the kernel function KT, are given
in Ref. 5.
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Inflow Distortion

In this paper, the inflow distortion is assumed to have only
an axial velocity component. (Other components can be
considered using the same theoretical methods.) When a
Fourier-Bessel analysis of arbitrary shapes of inflow
distortion is carried out, the following axial component of
external fluctuating velocity is obtained:

Woo (n8,2,0) =€, W, Y, Y B, R, (k,,r)ea0=e1)  (2)
q p

Then, the upwash component of the external fluctuating
velocity on a blade surface can be expressed by

[@rdomage = = Wege @10 (0rrNIF6dr?) )
Here, the upwash is defined as the cbmponent of disturbed
velocity normal to the helical disturbed stream-surface (blade

surfaces) placed at 6, =0. It is convenient to suppose that the
distortion velocity can be expressed as the product

we,a(r’e)/ea Wa=F1 (r)el (0) (4)

then,
B,,=a,b, )

where

1 2n "
2= 5 | " e-mo, 000 ©
and
1

b,= Sh r-R, (kg ,r)F,(r)dr )

When the inflow distortion can be represented by N Gaussian
profiles (for N=1,2,...)in the circumferential direction, then

0 1+2j)2 J j+1
(27r N N2W<0<—1\72‘K
0,(0) =exp .
03 for j=0,1,2....N—1
®)

and we find that
—irq

VaNoe N e [Re erf(

ZN?
0 OthCIWISCfOI q=0, :EN, :|:2N,...

Model of Rod Wakes

For the specific case of an axial velocity distortion
produced by the wake of a cylindrical tube or rod of diameter
d* the magnitude of the wake defect ¢, and the Gaussian half-
width of the wake profile §, are given by the following
equations based on Prandtl’s mixing length hypothesis (cf.,

Ref. 7, p. 691).
! ( al )—“29 9 10
= 1J0.02227 \ Cpad* 10 19

where O, (0) is given by Eq. (8) and

0.298

9,=
2 2y

VCpd*x* (11)

Determination of Acoustic Dipole Distribution

The upwash component of the external fluctuating velocity
q,, must be cancelled by the induced upwash velocity
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q,(r,0,z)e™" at the blade surfaces. Then, an integral equation
for the unknown acoustic dipole G, ({,q,p) is obtained in
the form

. Ee

m=0

0,m (f:q,P)KTm (r’szJz—;'q)dg‘

By R, (kypr)rore _iqwﬂ] =0 (12)

The quantity Go’m ({,q,p) is calculated from Eq. (12) by a
collocation method.

Pure Tone Acoustic Power

The dimensionless acoustic power E/, with respect to the
Jth pure tone fan harmonic (for example, j= £ 1 corresponds
to the fundamental) is given by

E, =Y, E fEIf (nLq) (13)
q n=n; (=0
and

Bl = |HP, (n,6,q) 1?82 (nwr+w) 12,
* (o, tnor+w)?

(14

The nondimensional pressure amplitude in the (n,f) acoustic
mode is given by

N wWrd n
HP, (n,Lp) =~ [ Byyi— - C ]
< WEP) = Grgt LT e T T e

Cat2
x| EGOk(rq,p)xexp[—z(a +rwp)dde (15)

Cyl2

For the compact source analysis, exp[—i(a, +nws){]=11n
Eq. (15).

Numerical Results

The numerical calculations are carried out in this paper for
three different rotor configurations. Their overall geometric
and aerodynamic parameters are given in Table 1, and the
radial variations of stagger angle v, pitch-chord ratio S,, and
ratio of blade relative to axial velocity, Q/ W, are shown in
Fig. 2. The numerical results include four cases: 1) the
acoustic power in the modal components generated by par-
ticular Fourier-Bessel components of inflow distortion in the
case of the fan denoted No. 1; 2) the acoustic power and
modal content variations with the half-width of a single
Gaussian profile representing the local inflow distortion
profile in the circumferential direction (fan 2); 3) the com-
parison between theoretical and experimental tone power for
the case of an upstream distortion produced by the wake of a
¢ylindrical tube immersed to varying depths from the duct
wall (fan 2); and 4) the comparison between numerical and
experimental tone powers and the analysis of modal content
for the cases of 28 and 41 rod wakes interacting with a 28-
bladed rotor (fan 3).

Generation by Particular Fourier-Bessel Inflow Distortion Modes

Figures 3 and 4 show the fundamental pure tone modal
powers as a function of the circumferential lobe number ¢ of
the inflow distortion whose radial distribution is assumed to
be the first (Fig. 3) or third (Fig. 4) radial eigenfunction of
order g. Figures 3a and 4a are for upstream propagation,
while Figs. 3b and 4b are for downstream propagation. The
fan used in this calculation has the largest number of blades of
the three cases, as shown in Table 1, and, for similar tip speed
conditions, generates the largest number of propagating
modes. The calculations were limited to g=S50. The first
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Fig. 2 Radial variations of stagger angle v, pitch-chord ratio S;, and
velocity ratio @/ W, of the rotor.

radial inflow distortion mode has a maximum amplitude at
the rotor tip, while the third radial inflow distortion mode has
peaks near the middle of the blade span. With the radial
distortion mode number p held constant, the radial
distribution of inflow distortion velocities changes con-
tinuously with circumferential distortion mode number g with
more skewing toward the wall as g increases. The maximum
amplitudes of all inflow distortion modes used in these
calculations are equal to 1. The numerical results show that
while the first radial mode of inflow distortion generates all
radial acoustic modes, the first radial acoustic mode, {=0,
dominates for most values of g. The third radial mode of
inflow distortion also generates all radial acoustic modes but,
over a wide range of g, many of them carry more power than
p=E=2,

In the case of the first radial mode of inflow distortion (Fig.
3), the first radial acoustic mode power is larger than other
radial acoustic mode powers by more than 5 dB in both up-
stream and downstream cases, except for the points at ¢ =40
and the downstream values at g=350. At g=40, the cir-
cumferential inflow distortion mode number equals the rotor
blade number, and the circumferential acoustic model
number 7 is zero (n=jNgz—q). The (0, 0) acoustic mode is a
plane wave. If one accepts the intuitive notion that the
acoustic pressure in the various modes will sum in a manner
such that the net radial variation will be similar to the radial
variation of distortion, then it is reasonable to expect that a
combination of second and third radial acoustic modes will
exist at ¢g=40 in addition to the plane wave. For the cases
where n#0, the /=0 modes apparently provide a reasonable
radial match to the (¢,0) distortion modes.

AJAA JOURNAL

RADIAL ACOUSTIC
MODE NO., £

|
|
[ ]
[}
|
TV EWN S

ceo
o w
il

U\K\"

~50— (20, 0)
FOR
EXAMPLE

-60 | I | |
a) UPSTREAM PROPAGATION.

ACOUSTIC POWER, 10 log ELL, dB
IS

=70 1 | L 1 |
0 10 20 30 40
CIRCUMFERENTIAL INFLOW DISTORTION

MODENO., q
| | | l L J
4] 30 20 10 0 -10
CIRCUMFERENTIAL ACOUSTIC MODE
NO., n

b) DOWNSTREAM PROPAGATION.

Fig. 3 Fundamental pure tone power variation with radial inflow

distortion given by the Fourier-Bessel first radial mode of order ¢, fan
1, maximum amplitude = 1.

In the case of the third radial mode of inflow distortion
(Fig. 4), the acoustic powers of the higher-order radial modes
(£>2) contribute to the total fundamental tone power over the
midrange values of g which correspond to peak total fun-
damental power generation. The third radial acoustic mode
(f=2) dominates only at lower values of g near 20. Note that
the £=2 acoustic mode in Fig. 4a shows a distinct minimum at
n=10. This is probably a point where the resultant acoustic
dipole distribution on the blades cannot couple with the (10,2)
acoustic mode, similar to the case discussed in connection
with Fig. 13 of Ref. 9, which applied to rotor-stator in-
teraction. In general, for cases other than the simplest (p =0)
radial variation of inflow distortion, we are not yet able to
rationalize the calculated distribution of radial acoustic mode
powers produced by a single higher-order radial distortion
mode.

Generation by a Gaussian Circumferential Inflow Distortion Profile

Fan 2 used in this calculation has a low tip speed and small
blade number. Therefore, the total number of acoustic modes
generated at a particular circumferential distortion mode
number is less than for fan 1. Figure 5 shows the acoustic
power generated by fan 2 interacting with a single inflow
distortion represented by a Gaussian profile in the cir-
cumferential direction and a radial step function velocity
defect that extends from the blade tip down to 72% of the
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Fig. 4 Fundamental pure tone power variation with radial inflow
distortion given by the Fourier-Bessel third radial mode of order g,
fan 1, maximum amplitude = 1.
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ACOUSTIC POWER, 10 log EJ, dB

ACOUSTIC POWER, 10 log g, &

-70

O  FUNDAMENTAL
A 2nd HARMONIC
g  3rd HARMONIC

—— - — OPEN - NONCOMPACT

SOLID - COMPACT
’O'O-—-\‘Q

Lty | AY

a) UPSTREAM PROPAGATION:J

.01 .1
HALF WIDTH OF GAUSSIAN PROFILE, 8y

b) DOWNSTREAM PROPAGATION.
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power prediction for a single Gaussian circumferential distortion, fan
2, 28% tip radial distortion.
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span. The power is plotted as a function of the half-width of
the Gaussian profile §,. Results are shown for the total, first,
second, and third harmonic tone powers propagating in both
upstream and downstream directions.

Figure 5 shows that the acoustic power in any harmonic
peaks at particular values of the Gaussian half-width. This
phenomenon, mentioned in Ref. 8 and discussed in Ref. 1, is
related to an interplay between the number of propagating
acoustic modes and the Fourier-Bessel inflow distortion
harmonic amplitudes which can couple to the acoustic modes.
An example of the circumferential Fourier distortion har-
monics corresponding to the conditions of Fig. 5 is shown in
Fig. 6 for several values of Gaussian profile half-width. The
range of n (or g) corresponding to propagating cir-
cumferential acoustic mode numbers is also shown. With an
increase in 6,, the amplitudes of the lower-order cir-
cumferentiai distortion coefficients, 'le, |2, increase; but the
Jarge amplitudes occur over a smaller portion of the
propagating range. The result of this coupling constraint is a
peaking and decline beyond a certain value of profile width.

GAUSSIAN HALF WIDTH,
8o,
—p— - 0. 003
e = L0125
— .035
-0 RADIAL ACOUSTIC —
MODE
2] 1st, £=0 2nd, £=1
—~7 =55 —
|
g
2
o -60
b=
(o]
o
L
-
S -65
o
(&)
<C
-0
a) UPSTREAM -PROPAGATION.
-45— —
o 50 —
=]
=
g
S '55 —
&
2
o W0 —
a
=0
3
< f
65 BRWARE
I
A A
.
-0 ;

1510 5 0 -5 -10-15.10 5 0 -5 -10
CIRCUMFERENTIAL ACOUSTIC MODE NO., n

0 5 10 15 20 25 5710 15 20 25

CIRCUMFERENTIAL INFLOW DISTORTION MODE NO., q

b) DOWNSTREAM PROPAGATION.

Fig. 8 Variation of the fundamental tone modal structure with half-
width of Gaussian circumferential distortion profile, fan 2, 28% tip
radial distortion.
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For values of 8, greater than about 0.02, the downstream
propagating acoustic power in the fundamental tone is higher
than the upstream power. For the second and third harmonic
and the total power, the downstream power is always greater
than the upstream power. Of course, in a real fan, down-
stream radiated power must pass through a stator blade row
and is subject to modification.

Figures 7a and b compare compact source predictions with
the noncompact calculations of Fig. 5 for upstream and
downstream propagation, respectively. These figures indicate
that the acoustic power differences between corresponding
harmonics are considerable for the fundamental and third
harmonic propagating upstream and for all harmonics
propagating downstream, particularly in the range of 6,
around the peak acoustic power generation.

An explanation for this behavior is as follows. The results
in Fig. 7 correspond to summations over the inflow distortion
circumferential mode number q. As ¢ is varied, the non-
compact acoustic power in the fundamental tone is sometimes
higher and sometimes lower than that based upon the compact
prediction (see Fig. 7 of Ref. 5). At large values of §,, the
number of circumferential distortion harmonics which ef-
ficiently couple to propagating acoustic modes decreases, and
the net acoustic power differences between noncompact and
compact results are considerable and varied in magnitude. At
small values of 6,, the number of coupling distortion har-
monics increases; therefore, the acoustic power differences
among modes are averaged out to small net amounts in the
summation over the wide range of coupled ¢’s for a particular
tone harmonic. The compact source predictions in Fig. 7 tend
to underestimate the upstream acoustic power and
overestimate downstream acoustic power in the fundamental
tone. The trends at the second and third harmonics indicate
that a compact source assumption underestimates harmonic
power for both propagation directions. These results differ
from those of Ref. 9, which considered only trends associated
with single sinusoidal modes of inflow distortion entering a
two-dimensional cascade. The summation over many
distortion modes representing more complex shapes, such as
the Gaussian, makes the effects of neglecting noncompactness
specific to the particular case considered.

Figures 8a and b show the variation of the acoustic mode
structure with the half-width of the Gaussian profile §,. Note
that the minimum power calculated was —70 dB and that
lower values are plotted at —70 dB. The step radial tip
distortion assumed favors first radial mode generation similar
to the results discussed in connection with Fig. 3. For par-
ticular modes, clear generation minima are also evident; e.g.,
for 6,=0.0125, (=0, and n=2 in Fig. 8a. The envelopes of
the peak powers of the individual modes follow the trends
with g shown in Fig. 6.

Comparisons of Theory and Experiment

A Single Tube Wake Interacting with a Rotor

Experiments were conducted in an anechoic wind tunnel
in which the variation of upstream radiated fundamental tone
power was measured as a function of the length of a cylin-
drical-probe tube inserted through the inlet wall upstream of
rotor 2. The wind tunnel was operated with 40 knots velocity,
and the fan fundamental tone due to rotor-stator interaction
was cut off such that inlet tone noise was dominated by the
probe tube wake interacting with the rotor. Figure 9 shows the
measured and calculated tone power (referenced to full im-
mersion) as a function of probe immersion. The detailed
shape of the probe tip is illustrated in the upper right corner of
Fig. 9. The probe tube wake was modeled with Egs. (9-11) as
having a Gaussian profile in the circumferential direction. A
step profile corresponding to immersion length was used to
represent the radial distortion variation. The theoretical
results show good agreement with the measured increases in
fundamental tone power per length increment of probe im-
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Fig. 9 Fundamental tone acoustic power generated by rotor-probe
tube wake interaction, fan 2, upstream propagation, Cp, = 1.2, x* =27
cm. :
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Fig. 10 Variation of fundamental tone modal structure with probe
length immersed in a fan inlet, fan 2, upstream propagation.

mersion. For full immersion, L, =11 c¢m, the calculated tone
power is 130 dB compared with the measured value of 133 dB.
The absolute amplitude calculated is subject to some un-
certainty associated with the wake modeling, e.g., the ef-
fective 0, used to represent the complex probe tip. The ab-
solute amplitude measured is also subject to uncertainty due
to the probable asymmetric far-field radiation pattern
associated with the single probe wake disturbance. However,
the measurements were made in a plane coinciding within 5
deg of the plane through the probe and fan axes; therefore,
the measured trend in power level with probe immersion is
expected to be correct although the absolute levels might be
too high. Of more significance is the agreement in the
measured power trend with increasing probe immersion.
Figure 10 shows the variation of acoustic mode powers
contributing to the fundamental tone as a function of probe
tube immersion. The differences in mode power between 6.7-
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Fig. 11 Modal structure of the fundamental pure tone power
generated by rod wakes interacting with a fan, fan 3, upstream
propagation, C, = 1.2,

Table1 Fan parameters

Fan
1 2 3
Rotor blade number, Ng 40 15 28
Dimensionless axial tip 0.055 0.258 0.094
chord length, C,
Rotor tip speed/axial 2.474 1.052 3.011
flow speed, wr
Rotor relative Mach 0.934 0.865 0.913
number, My
Axial flow Mach number, M, 0.350 0.596 0.288
Hub/tip ratio, & 0.40 0.46 0.40

and 11-cm immersion are seen to be small for both the first
and second radial modes, echoing the overall power variation
shown in Fig. 9 and emphasizing that the generated power is
dominated by the fan tip region, as previously shown in Ref.
5.

Multiple Rod Wakes Interacting with a Rotor

A JT15D turbofan engine was operated on an outdoor test
stand with two separate sets of distortion rods (28 and 41) as a
means of studying the transmission characteristics of inflow
control devices.!! The inflow control greatly reduced fan
sources associated with inflow disturbances and left the
dominant rod wake-rotor interaction as the main source of
inlet noise. The fan parameters and operating condition are
described in Table 1 as fan 3. The 28 rods were 0.635 cm in
diameter and extended from the wall to 57.8% of the blade
span, and the 41 rods were 0.476 cm in diameter and extended
from the wall to 62.5% span. The centerline of both rod sets
was located 8.9 cm upstream of the rotor tip. Figure 11
compares the calculated 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 exception of the low third radial which
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appears to be another example of weak coupling between
blade dipoles and the (0,2) acoustic mode. The agreement
between measured and calculated tone power is excellent in
each case, but such agreements of isolated powers are subject
to some skepticism.

Figure 12 compares the measured and calculated fun-
damental tone powers as a function of fan speed for the 41-
rod case. Calculated values of individual mode powers are
also shown along with the speeds at which the individual
radial modes begin to propagate. Agreement between
calculated and measured tone levels is excellent over the entire
speed range. Note that the power increase is not monotonic in
either prediction or measurement and that the radial mode
mix contributing to the total power changes from speed to
speed. Minimum mode power occurs at ‘‘cut-on.”’

The ultimate comparison of interest is between measured
and calculated far-field directivities. However, several links in
the analytical chain relating source modes in an annulus to
far-field directivity are missing. The modal scattering in the
transition from an annular to a circular duct awaits detailed
numerical solution as does the detailed radiation from an
unflanged inlet duct to the far-field with a superimposed inlet
potential flow field. Reference 12 looks at this same rod
disturbance data from the standpoint of inferring source
modal content from the far-field directivity. A reconciliation
of those results with the present calculation requires ad-
ditional analysis.

Concluding Remarks
The three-dimensional, noncompact source theory has been
applied to calculate fan tone power and detailed acoustic
mode structure for several assumed inflow distortions of
increasing complexity and for experimental situations where
upstream radial rods generated the distortions. While
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generated radial acoustic mode structure can be rationalized
for tip distortions (first radial distortion modes appear to
favor first radial acoustic modes), the radial acoustic mode
content becomes much more complex for higher-order radial
distortion modes. Circumferential distortion profiles such as
the Gaussian used herein simply generate circumferential
acoustic mode content corresponding to the circumferential
Fourier harmonic content of the distortion. However, in-
dividual acoustic mode levels are subject to a coupling
constraint associated with the way the dipoles on the blade
surfaces couple to a particular acoustic mode. Poor coupling
results in very low values of generated mode power. The use
of this minimum generation property to practically reduce fan
noise would require that the mode minimized be the sole mode
responsible for the particular tone harmonic power generation
at the given fan operating condition. The presence of other
modes not obeying the particular decoupling constraint would
defeat the tone power minimization. Generalizations
regarding the magnitude and sign of the differences between
the compact and the noncompact source results are not
available for complex inflow distortions since the net tone
powers are the result of summations over many individual
modes, each having varied degrees of noncompact depen-
dence. The fact that the analysis is able to predict the trend in
tone power as a function of the immersion depth of an up-
stream rod disturbance and the variation of tone power with
fan speed for multiple rod wake disturbances is encouraging.
An important task remaining is to link acoustic mode content
at the fan face to far-field directivity patterns which can be
compared with experimental results.
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