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An analytical model of fan noise caused by inflow turbulence, a generalization of earlier work by Mani, is
presented. Axisymmetric turbulence theory is used to develop a statistical representation of the inflow tur-
bulence valid for a wide range of turbulence properties. Both the dipole source due to rotor blade unsteady
forces and the quadrupole source resulting from the interaction of the turbulence with the rotor potential field
are considered. The effects of variations in turbulence properties and fan operating conditions are evaluated.
For turbulence axial integral length scales much larger than the blade spacing, the spectrum is shown to consist
of sharp peaks at the blade passing frequency and its harmonics, with negligible broadband content. The
analysis can then be simplified considerably and the total sound power contained within each spectrum peak
becomes independent of axial length scale, while the width of the peak is inversely proportional to this
parameter. Large axial length scales are characteristic of static fan test facilities, where the transverse con-
traction of the inlet flow produces highly anisotropic turbulence. In this situation, the rotor/turbulence in-
teraction noise is caused mainly by the transverse component of turbulent velocity.

I. Introduction

OISE caused by ingested turbulence is now recognized as

a major source of the differences between aircraft engine
noise measurements in test stand facilities and in flight. In
static engine tests, this mechanism can cause prominent tones
at the blade passing frequency and its harmonics, while it
contributes relatively little to the noise measured in flight.
Because of their greater flexibility and lower operating costs,
it is desirable to use ground-based test facilities for acoustic
evaluation of turbofan engines. However, it is important for
these static engine tests to reasonably simulate flight noise
levels. To examine this issue, the present paper and Ref. 1
present an analytical study of the noise generated by
rotor/turbulence interaction. The basic analytical model is
developed in this paper. Reference 1 applies this model to a
variety of ground-based test facilities and presents a com-
parison with expected flight noise levels.

The earliest analytical studies of noise generation due to the
interaction of turbulence with a rotor were presented by
Morfey,? Mani,? and Homicz and George.* These analyses
used a statistical representation of the incident turbulence,
which was assumed to be isotropic. Subsequent measurements
by Hanson ’ showed that, in the static test case, the turbulence
impinging on the fan is highly anisotropic with axial integral
length scales several hundred times as large as the transverse
length scale. This great disparity in length scales is caused by
the lateral contraction of the flow as it enters the inlet.

The first analysis which considered the anisotropic nature
of the turbulence was presented by Hanson.’ His model was
based on the technique of random pulse modulation. Thus the
turbulence was assumed to consist of discrete eddies whose
intensity, width, and length were random variables. Utilizing
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this approach, he derived the far-field noise spectrum for the
case of an unducted rotor. The predicted spectrum contained
peaks at the blade passing frequency and its harmonics,
superposed ona broadband spectrum.

A statistical approach similar to that in Refs. 2-4 can also
be used to predict noise generation by anisotropic turbulence
impinging on a rotor. To do this, an appropriate model of the
anisotropic turbulence must be developed. Pickett® modified
the analysis of Ref. 3 by assuming an anisotropic correlation
function for the velocity component normal to the blade
surfaces. Pickett’s results clearly show the influence of
anisotropy on the noise generation. However, the velocity
correlation used in his analysis is not normally measured in
experiments and is not independent of fan geometry and
operating conditions. Also, Pickett’s analysis only included
the dipole source term, i.e., the effect of the rotor steady
loading was not considered. Chandrashekara’® used a
statistical approach to calculate noise generation by an un-
ducted rotor, but only included the axial component of the
turbulent velocity field in his model. The results of the present
study indicate that, in the static test case ({,/f,> 1), the
transverse component of turbulent velocity is responsible for
most of the noise generation. In more recent work, Mani %10
modified his model to include the quadrupole source term
associated with the rotor steady loading and produced
anisotropic turbulence by applying a sudden contraction!! to
the isotropic turbulence spectrum.

In an early phase of the present research program, we
examined the application of a sudden contraction to isotropic
turbulence as a model for inflow turbulence. Unfortunately,
the rapid distortion theory!! produced length scale and
velocity ratios having approximately the same order of
magnitude, while the experimental measurements showed that
£,/¢,>u,/u,. In this paper, we apply the theory of axisym-
metric turbulence!? to develop a turbulence spectrum model
that is consistent with the experimental measurements. The
model is used to predict the characteristics of fan noise caused
by inflow turbulence. Comparisons with experimental data
are presented, and a simplified analysis for the case of large
axial length scale turbulence is developed.
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Fig.1 Fan geometry and coordinate system.

II. Review of Rotor/Turbulence Interaction
Noise Theory

The acoustic analysis used in the present work has been
discussed in Refs. 3, 9, and 10 and will be reviewed only
briefly here. A two-dimensional representation of the rotor is
used, as shown in Fig. 1. Thus, the blades appear as a cascade
of flat plates staggered at an angle a =tan—7 (M,/M,) to the
axial (x;) direction. The coordinates (x;,x;,x;) are taken as
fixed with respect to the casing of the machine. The parameter
s is the blade spacing in the x; direction. The flow through the
rotor consists of a turbulent velocity field convected by a
uniform axial mean flow. In addition to this, we have the
potential flowfield associated with the rotor steady loading.
The turbulent velocity field is represented as a stochastic
Fourier-Stieltjes integral of the type

v,= [ [{enraz, 0 W

where k is the wavenumber vector and r is the position vector
in a frame of reference moving with the uniform mean flow.
The dZ; obey the statistical orthogonality condition

dZ,(k)dZ; (k') =8(k—k’)®; (k)dkdk’ 2

where ®; is the energy spectrum tensor of the turbulence and
the overbar denotes an ensemble average.

Two noise source mechanisms are considered. First, we
have the dipole noise source associated with unsteady
pressures on the blade surfaces. Second, there is a quadrupole
source due to the interaction of the turbulence with the rotor
potential flowfield. These source mechanisms are analyzed
separately and the results combined in a mean square fashion.

To determine the dipole source term, we must calculate the
unsteady pressures on the blade surfaces due to the convected
turbulent velocity field. This involves the solution of un-
steady, three-dimensional, compressible flow through a
cascade. Since closed-form solutions are not available for this
general case, some assumptions must be made. The model
developed in Refs. 3, 9, and 10 assumes that the boundary
condition on each blade can be satisfied independently, that a
two-dimensional lift response theory is adequate, and that the
rotor blades are compact acoustic sources. The final ex-
pression for the power density spectrum P=* (f) radiated
upstream and downstream of the rotor is

©
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Here f, is blade passing frequency and 5,, is the two-

dimensional spectrum of the velocity normal to the blade
chord

n) Gd)

&, (k;,k;) =®,;sin?a— 28 ,sinacosa+ &,,cos2a  (4)

Ez% are the upstream and downstream acoustic radiation
efficiency factors, which are functions of the mean flow and
geometry parameters as well as k; and k,. L is the magnitude
of the airfoil lift coefficient, which is calculated using Refs. 13
and 14 for low and high reduced frequencies, M,w/(1 —
M?) =1, respectively. For values of k, outside the range of
the integral, the acoustic waves are cut off and thus do not
propagate acoustic energy. For more details on the dipole
noise source mechanism, consult Ref. 3.

We will now discuss the quadrupole source term. The

~ analysis for this case is based on a Lighthill type equation

modified to account for the uniform mean flow. The source
term in the equation is of the form 42 (p,w; ;W;)/0x;0x; where
the w; are the fluctuating velocities assomated wnh the
convected turbulence or the rotor potential field. We consider
only subsonic rotor speeds and assume that the turbulent
velocity fluctuations are very small compared to those of the
rotor potential field. Then the only terms that produce ap-
preciable acoustic energy are those representing the in-
teraction between the turbulence and the rotor potential field.
The Lighthill type equation is solved as an inhomogeneous
equation in the cascade plane without regard to the boundary
conditions created by the presence of the rotor blades. The
final result for the power spectral density of the noise field can
be written in the form

( ) ) §<I> (kpky)Ez (kpk)dk, — (5)

n= -0

where again we use Eq. (3b) to replace k; and the limits of
integration are given by Eq. (3d). The quadrupole spectrum
function @, has the form

&, (k. k;)=G3%,,+2G,8,8,,+G3%,, ©)

Here G;, i=1, 2, are functions of k;, k, and the mean flow
parameters and have a linear dependence on rotor lift
coefficient C,. EZ are the upstream and downstream
quadrupole acoustic radiation efficiency factors. For more
details on the quadrupole source terms, consult Ref. 9.

It can be seen from the preceding summary that the
calculation of the noise level at a particular frequency in
general involves the summation of an infinite series each term
of which includes an integral. In the present work, these
integrals were evaluated numerically and the summations
were truncated at a finite number of terms. Calculation of the
total power output then involves a further integration over
frequency. However, for the limit of large axial length scale
(¢,/s» 1), the analysis simplifies considerably, as will be
shown in Sec. IV. The limit of large axial length scale occurs
often in practical applications.
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HI. Development of Anisotropic Turbulence
Spectrum Model

In static engine tests, the flow undergoes a large cross-
stream contraction as it enters the inlet. This contraction
produces highly anisotropic turbulence. For typical inlet
geometries, the flow contraction is nearly axisymmetric. Thus
it seems reasonable to assume that the turbulence is also
axisymmetric. In this section, we will use the theory of
axisymmetric turbulence!? to develop a spectrum model that
represents the highly anisotropic nature of inflow turbulence.

The statistical theory of axisymmetric turbulence is a
generalization of isotropic theory in which the turbulence is
allowed to have a preferred direction defined by the unit
vector A. Chandrasekhar 12 showed that the most general form
for the velocity correlation tensor that satisfies the continuity
equation and the appropriate symmetry requirements is

aq,
Rij (x)'_“eji'm—a}%n— (7a)
x; 8Q
95 =Q€Xx + [)‘jQ2+;L 'a*u“l]fnm)\exm (7b)

Here x represents the separation between the positions at
which the velocities v; and v; are measured, and the coor-
dinate system moves with the uniform mean flow. ¢, is the
alternating tensor, x=vx,x,, A-x=px, and Q, and Q, are
“‘arbitrary”’ functions of x and px. A similar formulation for
the energy spectrum tensor [the Fourier transform of R;; (x)]
can be derived. The result is

B, (k) = k28, — Kk IF+ [(k2 = (K \y) 2) 8,
—kik; = k2NN, 4k Ny (NK; + ) 1G ®)

Here 8, is the substitution tensor and F and G are ‘‘arbitrary”’
functions of k and (k- \).

For our application we chose A to be in the direction defined
by the mean flow, i.e., the x,; coordinate direction. Then we
consider @, and Q, as functions of x, and o=
vx%+x% while F and G are functions of k,; and k,=vVk3 + k3.
We must now choose particular expressions for @, and Q, (or
F and G) such that the proper turbulence intensities and
length scales are obtained. The theory of Ref. 12 gives little
guidance as to acceptable forms for these functions. While
examining this question during an early phase of the present
research, it was found that the functions Q, and Q, (or Fand
() are not entirely arbitrary but must satisfy certain con-
straints. This is why tht word ‘‘arbitrary’’ was placed in
quotation marks in the preceding discussion. The constraints
follow from a theorem!516¢ which assures that the power-
spectral density of the turbulent velocity component in an
arbitrary direction is non-negative for all values of the
wavenumber. This condition is used in Ref. 17 to derive the
following constraint equations for ¥ and G.

F(kp.k;)=0 (%a)
k2F(k,k,)+k?G(k; k) =0 (9b)

The equivalent constraints on @, and Q, are given by
Q,(x1,0)2Q,(0,0) (10a)
B(x,,0) =B(0,0) (10b)
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Failure to satisfy these constraint equations can lead to very
unrealistic results, such as negative values of the power-
spectral density [Eqs. (3) and (5)] over a portion of the
frequency spectrum.

Three different choices for the ‘‘arbitrary’’ functions were
examined in detail. All these choices appeared to be
reasonable in that the one-dimensional correlations were
given by the commonly accepted forms

R” (xI) =u£e—|x1'/la R22 (xz) =u,2e""2'”t
where u,, ¢, and u,, {, are the turbulence rms velocities and
integral length scales in the axial and tangential directions,
respectively. However, it was found that only one of the three
choijces examined satisfied the preceding constraint equations.

The first choice examined was

Q,=—(u2/2)e~” (11a)
, = (u2 —u?)e~” (11b)

where
y=1[(x;/8,) 2+ (a/t,)?]*

This formulation was used in Ref. 18 to study the influence of
turbulence anisotropy on jet noise. The constraint Eq. (10a) is
satisfied for all choices of the turbulence intensities and length
scales. To examine the constraints presented by Eq. (10b), we
must calculate B(x;,0). Since we are particularly interested in
the large axial length scale case, we will examine the limit
(¢,/¢,) » 1, while keeping the relative magnitudes of x,, o, u,,
and u, arbitrary. Thus we obtain

) e~V [fo\2
B(x,,0) ~B(0.0) =2ull —e ] +ui"~ (g—)
t

S () (D) -CEY G5
_—— 22— + — — . —
2y £, L 7 y+y2

In order to satisfy Eq. (10b), the right-hand side must be non-
negative for all choices of x; and o. It can be shown that the
worst case occurs for 0 =0. Examining this case, we see that
the expression is non-negative for all values of x, only if
2(u,/u,)?= (,/¢,)?. The experimentally measured con-
ditions do not satisfy this constraint, indicating that Eqs. (11)
are not a suitable model for Q; and Q,.

In order to evaluate the importance of satisfying the
constraints, the spectrum model given by Egs. (11) was in-
corporated into our noise prediction computer program.
Calculations were made for a range of ¢,/¢,, holding u,/u,
fixed. As £,/¢, was increased beyond the appropriate range
defined by the constraint equations, the sound power
decreased sharply and eventually became negative. Such a
result is physically impossible, since sound power is a mean
square quantity. Thus it appears that very serious errors can
occur when turbulence models are used outside the range of
validity defined by Eq. (9) or (10).

The second choice for Q; and Q, that was examined was

_u? X1 o
Qi=-7 exr’[" 7 ‘e,] (122)
Q,=2(ul/ul-1)Q, (12b)

This formulation is similar to that used in Refs. 7 and 8. The
first constraint Eq. (10a) is seen to be satisfied by Eq. (12a).
However, when attempting to apply the second constraint Eq.
(10b), it was found that the function B(x,, o) is not defined at
the origin. The behavior of R, (x) in the vicinity of the origin
is also unacceptable. Thus the formulation given by Egs. (12)
is not a suitable model for the anisotropic turbulence.
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The axisymmetric turbulence model used in the present
study is given by

20 0%u?
= 1:2'23“ (13a)
u? 1?
G=[217_ﬁ —I]F (13b)

where

2=[1+0k} + k2%

Application of Eqgs. (9) shows that this model is valid for the
case 2(u,/u,)? = ({,/¢,) ?. The experimental conditions easily
_satisfy this constraint. The values of u,, u,, ¢, and {, are
chosen independently in the present model, and thus the
integral properties of the turbulence are characterized ac-
curately. It would be useful to compare the shape of our three-
dimensional spectrum model with experimental results.
Unfortunately, only measurements of the one-dimensional
spectra have been documented in any detail. Our spectrum
model produces exponential decay for the one-dimensional
correlations, and it is unlikely that any other simple shape
would provide significantly better agreement with data. Until
more detailed experimental results are available, it seems most
reasonable to use a model that produces appropriate one-
dimensional correlations and satisfies the fundamental
statistical requirements. Of the turbulence models examined,
only that given by Eqgs. (13) satisfies the necessary statistical
requirements.

To apply this spectrum model, we need to calculate the two-
dimensional spectra

o

&, (k. ky) = S &, (k;,kyky)dk,

Using Eqgs. (8) and (13) we obtain

I AN >

8, =22 [1+3§2—2] (142)
- 29 93

&,=- 3————"":“:%’:”‘2 (14b)

= Uil [2u2 £ L’2k2]

!t 43 14¢
22 47|'Z."3 ( )

u? 82 4
where
T=[1+02k3+0%k3)%

IV. Large Axial Length Scale Limit

The calculation of the noise level at a given frequency
generally involves an infinite summation as discussed in Sec.
I1. However, for the case of large axial length scale (¢,/s> 1),
the analysis simplifies considerably. The noise spectrum is
then dominated by sharp peaks at the blade passing frequency
and its harmonics, with negligible contributions elsewhere.
The infinite summation, each term of which contains an
integral, is simplified to a single integration that produces the
total sound power in each spectrum peak. The characteristics
of these sharp peaks will now be examined. The quantities of
primary interest for a spectrum of this type are the total sound
power contained in each peak and the width of the peak.

We will first show that, for large axial length scales, a
particular term in the infinite summation in Egs. (3) and (5)
contributes to the sound power spectrum peak at only one
harmonic of blade passing frequency. Equation (3b) indicates
that the frequency dependence of the sound power is related
to the behavior of the turbulence spectrum as a function of

AJAA JOURNAL

k;. The spectrum functions, @d and <f>q, are maximized at
k; =0 and their rate of drop off increases with (¢,/s). Con-
sider the frequency f=Nf,, i.e., a multiple of blade passing
frequency. For this frequency, the largest term in the infinite
series in Eqgs. (3) and (5) is n=N, for which &, =0. The next
largest terms (n=N= 1) will have k; = + 2« tana/s. For large
enough values of £ /s, these terms will be insignificant. Thus
in the limit of large axial length scale, the noise spectrum in
the vicinity of f=NJf, is given by the single term, n=N in Eqs.
(3) and (5).

We now wish to find the total sound power associated with
the peak at f=Nf,. To do this, note that the functions Ed*,
Er, and L do not vary rapidly in the vicinity of k; =0, in
contrast to <I>d and d> This can be shown formally by in-
troducing normalized varlables, k; =0k, and k,=0k,. The
turbulence spectra & ; are then functions of «, and «, (in-
dependent of {,/s), while the other factors in Egs. (3) and (5)
are functions of the quantities (k;s/f,—2xNtana) and
(x,s/8, +27wN) . We are interested in the case (s/f,) <1, while
(s/¢,)=0(1). The functions Ef, L, E¥, and G, can then be
expanded in Taylor’s series about (s/¢,) =0, i.e.,

E$ (k,k) =EZ (0,x,) +x,(s/8,)E 3, (k) .

etc. Furthermore, the frequency (or k,) dependence in the
limits of integration over &, in Egs. (3) and (5) is also 0(s/£,).
Thus, to lowest order in (s/£,), the frequency dependence of
the sound power level in the vicinity of f= Nf, is only through
$..

JTo determine the total sound power associated with the
spectrum peak at f=Nf,, we can integrate Egs. (3) and (5)
over frequency (or k;). The dk, integral will be evaluated
first, Thus setting

&, (ky) = S_w &, (k..k;)dk,
we obtain
N 2[ ngZ
d,, = — [1 2L2 ] 1
n=y e (15a)
R u?,
2= 732 (15b)
where
=1 +£%3)”

and & ;2 is identically zero. The total dipole and quadrupole
sound power levels associated with the peak at f=Nf, are
then given by

U

Ph= 5 §<I>d(k2)Ed (0,k,)L? (w)dk, (16a)
..U

Pa= 5 5@ (k,)E# (0,k;)dk, (16b)

where @d and ‘qu are determined by replacing 5,7 with <i>ij in
Egs. (4) and (6) and setting k; =0 in the G;. We also set f/f,
and n equal to Nin Eq. (3d) and £; =0 in Eq. (3c). Note that
the (k) do not contain¥,. Thus Eqgs. (16) indicate that, for
(¢,/s) » 1, the total sound power is independent of (¢, /s) .

The maximum value of each spectrum peak occurs exactly
at f=fN, (k,=0). This maximum value can be calculated
from Egs. (3) and (5). We see from Eqgs. (14) that, for
©,/t)>1, <I> ;(0,k,) is directly proportional to £, . Thus, in the
large axial length scale limit, the maximum value of each
spectrum peak increases linearly with (¢,/s). The width of
each spectrum peak must then be inversely proportional to
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Fig. 2 Typical comparison of predicted and measured inlet PWL
spectra for NASA rotor 11 without TCS: — theory, o data.

Table1 Turbulence properties in General Electric
Corporate Research and Development anechoic chamber

u, /U, u,/u, £, (m) £, /¢,
No TCS 0.015 2.0 2.9 300
With TCS 0.005 0.75 0.86 90-300

(¢,/s), since for (f,/s)>1, the total sound power is in-
dependent of this parameter.

V. Comparison of Predictions with
Experimental Data

The calculations presented in this section were made for
two scale model fan stages 1920 that were tested in the General
Electric Corporate Research and Development anechoic
chamber. These configurations were selected to evaluate the
present rotor/turbulence interaction model because rather
extensive sets of acoustic and turbulence data were available.
The first fan stage, designated NASA rotor 11, was tested
with and without an inlet turbulence control structure (TCS).
The TCS%2! was designed to suppress incoming turbulence
and thereby eliminate rotor/turbulence interaction noise. For
the purposes of this study, however, the TCS produced
different turbulence characteristics at the fan face and hence a
second condition for theory/data comparison. Average values
of the turbulence properties measured in Ref. 19 are listed in
Table 1. For the case with TCS only the range of possible
tangential length scales can be determined?> due to
measurement limitations. However, this will not significantly
affect the theory/data comparison.

The NASA rotor 11 fan stage has a 0.508 m (20 in.) diam
and is representative of typical high-speed aircraft engine fan
designs. It has 44 blades and 86 vanes and a design tip speed
of 425 m/s. Other details may be found in Ref. 19. Noise
predictions were made using fan rotor geometric and
acrodynamic conditions at the rms pitchline radius, defined as
r,=~(r{+r3)/2. For NASA rotor 11, the blade spacing at
the pitchline radius is §=2.9 cm. Since the quadrupole
component of the analysis has a singularity at M, =1,
predictions were confined to subsonic relative Mach numbers.

The second fan stage? is a variable pitch design with 18
blades and 33 vanes, and a design tip speed of 306 m/s.
Because of the variable pitch design this fan has a radially
constant solidity, as opposed to conventional fixed blade fans
that usually have radially constant chord and varying solidity.
The data were taken without a TCS, and the pitchline rotor
blade spacing is s =6.9 cm. Other details can be found in Ref.
20.

A typical comparison of computed and measured one-third
octave inlet quadrant PWL spectra for NASA rotor 11

RELATIVE MACH NUMBER My

Fig. 3 Comparison of predicted and measured blade passing
frequency inlet PWL as a function of relative Mach number; NASA
rotor 11 without TCS: --- theory, o data; NASA rotor 11 with TCS:
—— theory, 0O data; QCSEE variable pitch fan —-— theory, A data.

without the TCS is shown in Fig. 2. It can be seen that the
predictions of the blade passing frequency (BPF) tone and
harmonics are in good agreement with the data, and that the
predicted broadband levels are substantially below the
measured level. The blade passing frequency for the case
shown in Fig. 2 is approximately 6300 Hz and a BPF har-
monic is present in every one-third octave band above 20,000
Hz. The predicted levels above 20,000 Hz are in good
agreement with the measurements, but the predictions do not
contain air attenuation effects. This would lower the
prediction at the higher frequencies (by as much as 11 dB at 80
kHz). Examination of the measured narrowband spectrum
shows that broadband rather than tone noise dominates the
one-third octave bands above 30,000 Hz. The present
prediction of random tone noise due to inflow turbulence
would be consistent with this observation if air attenuation
effects were accounted for.

For cases without the TCS, the comparisons of one-third
octave spectra for NASA rotor 11 at other operating con-
ditions and for the variable pitch fan were similar to that
shown in Fig. 2. The comparisons for NASA rotor 11 with the
TCS indicated that at open throttle conditions (C,=0.58) the
rotor/turbulence interaction contributed only to the blade
passing frequency tone, and that this noise source was in-
significant at closed throttle conditions (C, =0.78). See Refs.
22 and 23 for details.

Figure 3 shows a comparison of measured and predicted
blade passing frequency one-third octave levels as a function
of relative Mach number. The agreement is reasonably good
except at high speeds for rotor 11 without the TCS. The
shaded band for rotor 11 with the TCS corresponds to the
range of tangential length scales given in Table 1. The
predicted noise level reduction with the TCS agrees well with
the data. Comparisons were also made for the higher har-
monics of blade passing frequency, but the results are less
significant because rotor/stator interaction noise occurs at
these frequencies. See Ref. 23 for details.

V1. Parametric Study

This section discusses the dependence of rotor/turbulence
interaction noise on inlet turbulence properties. The
calculations presented in this section were carried out for the
NASA rotor 11 fan stage at 54% speed (M, =0.61, C,=0.58).
Figure 4 shows the portion of the narrowband PWL spectrum
centered around blade passing frequency, for a fixed trans-
verse length scale of one blade spacing. We see that as axial
length scale increases, the spectrum becomes more peaky. A
doubling of axial length scale produces a 3 dB rise in the peak
value of the spectrum, for ({,/s) =50. Thus, for large axial
length scales, the peak values are proportional to (f,/s), in
agreement with the analysis of Sec. I'V.
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Fig. 5 Predicted effect of axial length scale on integrated 100 Hz
bandwidth tone PWL: o BPF, o 2xBPF, ¢3xBPF. Asymptotic
values determined from large length scale approximation shown as
dashed lines for comparison.

The large axial length scale approximation developed in
Sec. IV implies that for (¢,/s)>1 the total sound power
should be independent of (f;/s). To examine this, the
narrowband spectra were numerically integrated over 100 Hz
bandwidths around blade passing frequency and its har-
monics. The results for the first three harmonics are shown in
Fig. 5. As expected, the total PWL in each 100 Hz bandwidth
levels off- with increasing (f,/s). The asymptotic values
predicted from the large axial length scale limit are also shown
as dashed lines in Fig. 5. It can be seen that for ({,/s) =100,
the analysis of Sec. IV produces very accurate results. The
spectra in Fig. 4 indicate that the differences at lower values
of (£,/s) can be attributed partly to the narrow bandwidth
used in the numerical integration. These differences would
also decrease for smaller tangential length scales, see Fig. 6.

Figure 6 shows the variation in the spectrum peak at blade
passing frequency as a function of tangential length scale, for
the large axial length scale limit. The total sound power in the
spectrum peak around blade passing frequency is maximized
at (£,/s) =0.3. The width of the spectrum peak is a monotonic
function of (¢,/s) , with positive slope.

For turbulence properties typical of ground-based fan test
facilities (f,/s=50-100), it is interesting to compare the
predictions of the present analysis with those of Hanson’s
model.5 Both approaches produce strong narrowband peaks
at the blade passing frequency harmonics, but Hanson’s
modet also produces a substantial broadband noise level that
is not predicted by the present analysis. Hanson’s broadband
noise level is associated with empirical constants that were
chosen to produce agreement with pressure spectra measured
by a blade mounted transducer. However, it is not clear that
the broadband pressure fluctuations on the rotor blades are
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Fig. 7 Effect of turbulence velocity ratio on blade passing frequency
and harmonic tone PWL for fixed transverse intensity (i, /U, = 0.03):
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related directly to inflow turbulence. Perhaps they are caused
by boundary-layer instabilities or transitory separation on the
rotor blades. Experimental research would be necessary to
clarify this issue.

The large inflow contraction that occurs in static fan test
facilities amplifies the transverse component of turbulent
velocity relative to the axial component. Typical rms velocity
ratios are (u,/u,)=2-4. The relative importance of the
tangential and axial turbulence components on noise
generation is illustrated as a function of (u,/u,) in Fig. 7.
The sound power is reasonably constant for (u,/u,)=3,
indicating that in this region the noise is caused primarily by

~ -the transverse component of turbulence.

VII. Summary

An analytical model of fan noise generated by anisotropic
inflow turbulence has been developed. The inflow turbulence
representation is based on the statistical theory of axisym-
metric turbulence. The predictions of the model were com-
pared to experimental measurements in an anechoic chamber.
The levels of the blade passing frequency and first few har-
monics are in good agreement with the data, while the
predicted broadband noise is far below the measured levels.
For the large axial length scales typical of static fan test
facilities, the total rotor/turbulence interaction sound power
is practically independent of (¢,/s) . A simplified calculational
procedure can be adopted in this situation. Because of the
large inflow contraction that occurs in static fan tests, the
transverse component of turbulent velocity is usually
responsible for most of the rotor/turbulence interaction
noise.
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