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Fan-wake/outlet-guide-vane interaction broadband noise in turbofan jet engines is studied. The mechanism and
some issues are first discussed using a two-dimensional gust-prediction model. An oblique gust-prediction model is
then developed. Quasi-three-dimensional unsteady lift is calculated using a two-dimensional equivalence method. It is
coupled with annular duct modes to obtain the sound power spectrum density. Spanwise turbulence integral length
scales and their impact on power spectrum density predictions are investigated. A spanwise integration limit suitable
for the complete frequency range is proposed. The model is validated using the NASA Source Diagnostic Test data.
Sound power scaling with vane count B is examined. If solidity is maintained, the cascade response does not converge
on the single-airfoil response, even for low vane counts. The sound power varies inversely with B at low frequencys; it
scales with B at very high frequency. The power spectrum density trend with the fan tip Mach number M7 is also
identified. It scales with M3 if turbulence intensity in the fan wake scales “ideally” with M. At offdesign conditions,
fan wakes are not ideal; therefore, different speed trends apply. M3 scaling is found to best fit the Source Diagnostic

Test data and the prediction.

Nomenclature
ay = sound speed of acoustic medium in the
exhaust duct
B = number of outlet guide vanes

C = airfoil chord length
h,j,f,,(kl,kz,k3) = chordwise integrated unsteady lift

hAT = > |i;j,,',,|2 (summation over all the cut-on
modes)

ky = w/ay; acoustic wave number for the acoustic
medium in the exhaust duct

ky, ky, k3 = wave numbers in &, n, and z directions,
respectively

M, = uyfa,

My = fan tip Mach number

m = spinning mode number

n = radial mode index

R;, R, = radii of the inner duct and the outer duct

r = radial coordinate

S = spacing between blades in the linear cascade

Uy = mean velocity of acoustic medium in the
exhaust duct

Ug = mean flow velocity

w = time-averaged upwash velocity /(2/3)TKE

w = Fourier component of the upwash velocity

X = axial coordinate

y = tangential coordinate in the unwrapped

cascade
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spanwise coordinate
o = axial wave numbers in the downstream (+x)
and upstream (—x) directions, respectively

]
|

s = wave number in y direction

| (. = normalization factor of radial mode eigen-
function

n = chord-normal coordinate on the reference
blade

(% = stagger angle of the linear cascade

Kinn = ki - (1 - M?{),"{Zmn

A = turbulence integral length scale

i = wC/uy; reduced frequency, wavelength

Honn = radial eigenvalue in the annular duct

3 = chordwise coordinate on the reference blade

Pa = density of acoustic medium in the exhaust
duct

o = density of the mean flow

o = interblade phase angle

D, ki, ko, k3) upwash velocity spatial cross-power spectral
density

Y., (Umn) = radial eigenfunction of the annular duct

0] = circular frequency

w = turbulence dissipation rate

+ = downstream (+) and upstream (—) prop-

agations

I. Introduction

N TURBOFAN jet engines, the dominant sources of jet noise are

quadrupoles, whereas dipoles dominate fan noise. Sound power
from a quadrupole scales with the flow Mach number as M?, and that
from a dipole scales with M*~. As the bypass ratio (BPR) increases,
the jet velocity and (hence) jet noise are significantly reduced; and the
fan noise (tone and broadband) becomes important. For the GE90
engine, the fan exhaust (FEX) noise is comparable with jet noise at
takeoff; it is higher than jet noise at cutback and approach [1]. This
trend continues in modern turbofan engine designs. The FEX noise
tends to overtake jet noise and dominates at all conditions. The fan
tone noise is significantly reduced at a high BPR, as the pressure ratio
and fan tip speed are lower. It is also controllable through mitigation
technologies, such as choosing a blade/vane count ratio to cut off the
fundamental blade-passing tone, increasing the spacing between
airfoil rows, sweeping and leaning vanes, installing acoustic liners,
etc. However, even if all fan tones are eliminated, the total system
noise will only be reduced by 0.5 to 1.5 effective perceived noise level
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in decibels (EPNdB) [2]. On the other hand, reducing fan broadband
noise (BBN) can yield a 3 to 4 EPNdB reduction in engine system
noise. Over the past 50 years, research focus has been on jet noise and
fan tone noise. Interest in research into fan BBN is growing to meet
the challenges in modern engine designs. One of the recent devel-
opments at the NASA John H. Glenn Research Center is to build a
facility to investigate fan BBN.I In Europe, two consecutive projects,
PROBAND and FLOCON, are devoted to turbofan broadband noise
prediction and reduction [3].

There are two types of fan BBN: 1) “self” noise, which is generated
by the scattering of boundary-layer turbulence by airfoil trailing
edges (TEs); and 2) interaction noise, which is generated by upstream
turbulence impinging on a downstream blade row [4]. Recent experi-
ments suggest that the dominant broadband noise source at all speeds
is the interaction of fan-wake turbulence flow with outlet guide vanes
(OGVs) [3]. Self-noise is important only at low M [6,7]. Fan—inflow
turbulence interaction noise is important at high M [8].

In this paper, we focus on broadband noise generated by fan-wake—
OGYV interaction. To develop a prediction tool, three steps are
involved: 1) harmonic cascade analysis, 2) broadband modeling, and
3) code development and validation. In the first step, the interaction of
a plane vorticity wave (harmonic, both in space and time) with a
single airfoil or a cascade is modeled [9]. Some analytical methods
have been developed, such as those by Amiet [10] and Adamczyk
[11] [three-dimensional (3-D) gust/single airfoil], Envia [12] (3-D
gust/annular cascade at high frequency), Glegg [13], Posson et al.
[14] (3-D gust/linear cascade), etc. Semianalytical models are also
available, such as the lift model by Namba [15] for 3-D gust/annular
cascade, the two-dimensional (2-D) lift model by Ventres et al. [16],
and the bound vorticity 2-D model LINearized SUBsonic unsteady
flow in cascade (LINSUB) by Smith [17].

The flow and geometries are simplified for analytical treatments in
these harmonic cascade analyses. How to apply them in realistic
flows and geometries is the task of the second step: broadband model-
ing. Hanson [9] developed the BBCascade code based on Glegg’s
[13] analytical method. Morin [4] extended it to the BFaNS code
using the strip theory. Posson et al. [18,19] and Posson and Roger
[20] carried out the analyses based on the analytical cascade response
in [14]. Some other models are based on semianalytical harmonic
cascade analyses. Rotor—stator interaction (RSI) by Nallasamy and
Envia [21] is based on Ventres et al.’s [16] 2-D method. (The most
recent RSIresults can be found in [22].) Cheong et al. [23] developed
a broadband model based on LINSUB [17].

The methods of the next level of fidelity are linear Euler solvers,
such as BB3-D code by Atassi and Logue [24]. Recently, there were
studies using high-fidelity computational aeroacoustics (CAA) to
investigate the interaction noise [3,25,26]. Usually, they were for
single-airfoil configurations. For a cascade, a full annulus needs to be
modeled, since vorticity waves have different phase lags at the
passage periodic boundaries [3]. However, there are still attempts to
model a single passage [25].

High-fidelity approaches are computationally intensive, especially
in the high-frequency range [22,27]. Although analytical models are
computationally efficient, they are limited to single-airfoil configu-
rations and lack of flexibility in applications. For the purpose of con-
ceptual and preliminary designs, a semianalytical model is
appropriate, due to easier implementation, faster turnaround
computation, and reasonable accuracy. It may also have some
degree of flexibility. For example, LINSUB was modified to model
gust-perforated cascade response in [27].

This paper is aimed at developing a quasi-3-D model for predicting
fan-wake/radial OGV interaction broadband noise. Three-dimen-
sional unsteady lift is calculated using a new semianalytical method.
It is then coupled with annular duct modes to obtain in-duct total
sound power. Radial variations of the mean flow and geometry are
considered in the model. The rest of the paper is arranged as follows.
The mechanism of interaction noise is summarized in Sec. II. The
prediction approach, the 2-D method, and some important issues are

ISutliff, D. L., et al., “Advanced Noise Control Fan II Test Rig Preliminary
Design Industry Update,” NASA John H. Glen Research Center, 11 Sept. 2012.

discussed in Sec. III. A 2-D equivalence method for oblique gust/
cascade response is introduced in the appendices, based on which the
quasi-3-D broadband model is developed in Sec. IV. In Sec. V, the
NASA Source Diagnostic Test (SDT) data are postprocessed. Sound
power scalings with the vane count and fan speed, are identified and
investigated. The test data are then used in Sec. VI to validate the
mean flow simulations and the noise predictions using the proposed
model. Section VII summarizes the conclusions derived from
this study.

II. Mechanism of Fan Broadband Interaction Noise
A. Sound Source

The dominant source is due to vorticity waves in a fan wake
interacting with OGVs; a schematic is shown in Fig. 1. Vorticity
waves induce upwash velocity at OGV surfaces. Acoustic velocity is
generated to negate the upwash velocity to satisfy the impermeable
boundary condition at the solid vanes, similar to sound generation by
vibrating airfoils. In the acoustic analogy method, unsteady lift on
OGVs due to turbulence flow is first computed. It is considered as an
equivalent source for far-field sound. However, upwash velocity, and
not unsteady lift, is the ultimate driver of the interaction noise.

The frequency and strength of the sound are determined by the
upwash velocity. Consider a Fourier component of upwash velocity:

li)(kl s k2, k3)ei(k1§+kzﬂ+kgz—wt) (1

where £ and 7 are the coordinates, respectively, in the chordwise and
the chord-normal directions on the reference blade. The spanwise
coordinate is z. The wave numbers in the three directions are &, k,,
and k5, respectively. The magnitude is w. The blades are assumed
unloaded, and uniform flow u, is in the chordwise direction &. To
satisfy the linear Euler equations, this dispersion relation must hold
for vorticity waves:

w = kluo (2)

Circular frequency w is solely determined by the streamwise wave
number of the vorticity wave. The only vorticity waves that generate
sound at w are those with k| = w/u,. Sound intensity is determined
by the upwash velocity magnitude w(k;, k,, k3). Turbulence statis-
tics, such as turbulence kinetic energy (TKE) and the dissipation rate
w, are readily available from Reynolds-averaged Navier—Stokes
(RANS) simulations. To distribute the TKE among eddies of differ-
ent sizes, an analytical turbulence spectrum has to be used. Three

4

T

Fig. 1 Cartesian coordinate systems for gust/cascade interaction.
(Spanwise coordinate z normal to the paper. No spanwise mean flow.)
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Fig. 2 Cascade scattering of vorticity waves.

models that are valid for homogeneous and isotropic turbulence flows
are available. These are Liepmann, Karman, and Gaussian spectra.

B. Cascade Effects

A cascade affects the sound generation process. Consider a
sinusoidal vorticity wave impinging on a cascade. It interacts with the
cascade surfaces only at discrete locations (corresponding to the
blade positions). The distribution of upwash velocities in the circum-
ferential direction is a periodic series of Dirac delta functions that can
be represented by a sum of sine waves [17]. Therefore, a vorticity sine
wave is scattered into a number of vorticity sine waves, each of which
generates sound. Of these, only a few sound waves can propagate,
and they are referred to as “cut on.” Figure 2b illustrates the range of
wave numbers in the ellipse for cut-on sound waves. These acoustic
waves are generated not only by vorticity waves in the same ellipse in
the wave number space but also by those in other ellipses spaced apart
by 2z/S due to scattering; see Fig. 2a. (S is the spacing between
blades in the cascade.) In the NASA SDT, the vane count B was
reduced with the objective to lower broadband noise [28]. However,
reducing the vane count reduces the spacing between the ellipses in
the vortical wave number space, and hence increases the net energy of
sound-generating vortical waves for low vane counts. This, as will be
shown later, compensates for the noise reduction due to a reduced
number of scattering surfaces (i.e., vanes).

A cascade also affects sound propagation. Acoustic interaction
between adjacent blades is strongest at zero stagger in 2-D configu-
rations, where acoustic resonance can lead to large variations in
radiated sound power. It is weaker in 3-D due to spanwise variations
of gust, flow, and/or geometry (mainly solidity).

C. Effect of Duct

The effect of an annular/cylindrical duct is mainly on sound
propagation. Circumferential periodicity and solid-wall boundaries
in the radial direction enforce acoustic wave numbers to be discrete
instead of a continuous spectrum. The acoustic dispersion relation
further restricts the propagating acoustic waves. Waves with higher
wave numbers are evanescent (cut off). Only cut-on acoustic waves
contribute to the overall radiated sound power, and they are retained
in our noise prediction model.

Figure 3 illustrates the relation between vorticity waves and sound
waves in the wave number space. The acoustic wave number
components in the axial and the unwrapped tangential directions are
a and B, respectively (shown as x and y in Fig. 1). The following
procedure is used to compute sound power at frequency w:

1) Identify the vorticity waves contributing to the sound at this
frequency using the dispersion relation in Eq. (2). All contributing
vorticity wave number vectors must end at the dashed line in Fig. 3.

2) In the tangential direction, acoustic wave numbers f,; =
2xj/(BS) are discrete (due to circumferential periodicity) and limited
to the cut-on range imposed by the duct: integer j € [Lpins Lmaxls
therefore, vorticity wave numbers f,;, = f,; — 2zr/S are also dis-
crete, shown by the vectors in the figure. (The term with integer r is
due to cascade scattering, shown in Fig. 2.)

3) Once the contributing vorticity wave number vectors are iden-
tified, their strength is determined by a turbulence energy spectrum,
which is modeled analytically. The acoustic response from each
vortical wave is then computed, weighted by the turbulence energy it
contains, and summed to give the radiated sound power.

III. Prediction Approach and the Two-Dimensional
Gust Broadband Model

A. Prediction Approach

The noise prediction includes three steps. First, fan and OGV mean
flows are computed using GE Global Research’s in-house proprietary
computational fluid dynamics (CFD) solver TACOMA, following
the procedure described by Sharma et al. [29]. The mean flow is first
run in a multistage mode, in which one passage of the rotor and stator
blade rows is modeled. A mixing plane is used to exchange circum-
ferentially averaged quantities between the two blade rows. Another
mean flow computation is carried out on a finer grid in the fan/OGV
gap to convect the fan wake from the fan trailing edge to the OGV
leading edge (LE). The output of this step is the circumferentially
averaged mean flow, the TKE, and the turbulence dissipation rate @
near the OGV LE. The flow, turbulence statistics, and local cascade
geometry at each radial location are used in the noise prediction. In
the second step, turbulence energy for each vorticity wave is com-
puted using the Liepmann spectrum, and the gust/cascade response is
computed either by the LINSUB/Amiet combination method
for 2-D gusts or by the 2-D equivalence method for oblique gusts,
developed by Ju and Mani [30]. For the 2-D model described in this
section, the output is the power spectrum density (PSD) per span. For
the quasi-3-D model described in the next section, a third step is
carried out to couple unsteady lift at each radial location with annular
duct modes to compute in-duct total sound power.

B. Two-Dimensional Prediction Model and Turbulence Spectrum
Reduction

The 2-D model is based on the method developed by Cheong et al.
[23], with some modifications. The modifications in the current
model are the following: 1) the geometry and the mean flow are taken
at the midspan; 2) only cut-on modes are included; 3) Amiet’s high-
frequency response [10] is combined with LINSUB (LINSUB served
as a Green’s function).

Homogenous and isotropic turbulence is assumed. A study by
Grace et al. [22] revealed that the Liepmann spectrum fits the NASA

B @Tangential Wave number

Gwortical
Wave number
Vector

Dk,=w/u,
Fig. 3 Relation between vorticity and acoustic waves in the wave
number space.
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SDT data better in terms of the longitudinal integral length, whereas
the Gaussian spectrum fits the lateral integral length better. The
large-eddy simulation (LES) by Laborderie et al. [26] showed that the
Liepmann spectrum fits the numerical results better. The Liepmann
spectrum is adopted in our predictions:

2w2A3 (Aky)? + (Aks)?

D (ki ko k3) =
wwlki k2 k) = — (1 + (Ak)? + (Aky)? + (Ak3)?P

3

The time-averaged upwash velocity is w = /(2/3)TKE. A is the
turbulence integral length. To apply Eq. (3) in a 2-D method, some
works disregard contributions from oblique gusts (k3 # 0). The
analysis in Sec. IV.A shows that sound is mainly generated by 2-D
gusts (k3 = 0) only when the turbulence integral length is small and
duct mode shapes are ignored. Ignoring oblique gust effect usually
underpredicts sound power [22]. Another approach, as adopted in
[23], is to assume the same cascade response for all k3. Our study
shows that, at a low frequency, unsteady lift (both magnitude and
phase) varies little with k5. (Details are presented in [30].) At a high
frequency, the major effect of k5 is on phase; the variation of magni-
tude is minimal. Since turbulence energy is concentrated in the low &3
range [as implied in Eq. (3)], equal response for all & is also used in
our 2-D predictions. Then, the energy spectrum in Eq. (3) is inte-
grated over k3 in the cut-on range as in [9]

k3_cuton

(wa (kl’ k2) = chw(klﬁ k2! k3) dk'% (4)

—k3_cuton

C. Nonsmoothness in Sound Power Spectra

Nonsmoothness in the predicted PSD, as marked in Fig. 4, is
typical of 2-D methods that use semianalytical methods. Three types
of nonsmoothness can be identified. Small peaks are due to the
variation of the number of cut-on modes with frequency. As the fre-
quency increases, the acoustic power factor as defined in equation 21
of Cheong et al. [31] increases, whereas the turbulence energy density
and cascade response decrease. Therefore, the total PSD (equal to
vorticity wave energy response acoustic power factor) decreases,
until, at a frequency, one more mode cuts on. The PSD jumps after
this frequency, since more power is added by this cut-on mode. This is
illustrated in Fig. 5.

The second type of nonsmoothness in Fig. 4 is the large peaks/
valleys in the midfrequency range: sometimes appearing as tones.
They are due to cascade resonances, resulting from acoustic interac-
tion between adjacent airfoils. It does not occur in a single-airfoil
configuration. The key parameter is the interblade phase angle
(IBPA) 0. The IBPA controls how the sources (upwash velocities) at
different blades coordinate to generate the sound field. For a zero-
stagger cascade, if o = =+, the total velocity at the interface in
the middle of the passage is zero. The acoustic field in one passage
is exactly the same as a single airfoil vibrating in a wind tunnel.
If the wind-tunnel height (i.e., cascade pitch) S = (m + 1/2)4
(A: wavelength, m = 0, £1, £2, ...), the airfoil vibrates with the
highest fluctuating velocity and zero lift; sound waves are the cross-
section standing waves, which are also called cross-section resonance
or Runyan modes [32]. Minimum interference occurs when
o = r/2. Each blade behaves as if it is isolated, and the effective
solidity is halved. Similar analysis applies for arbitrary staggers ([33]
equations 53a and 53b).

The third type of nonsmoothness seen in Fig. 4 at high frequencies
is the erroneous response from LINSUB. A collocation method is
used in LINSUB to solve the bound vorticity integral equation. This
method is computationally intensive and gives the wrong response at
high reduced frequencies.

D. High-Frequency Single-Airfoil Approximation
The erroneous response from LINSUB at high reduced fre-
quencies cannot be eliminated by simply increasing the number of

EED
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*l @

55+
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PSD per span per hertz (dB)
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320 40 60 80 100 120 140 160

A=aClu

0
Fig.4 Wiggles in the PSD using LINSUB due to 1) variation of number
of cut-on modes, 2) cascade resonance, and 3) erroneous response.

More modes
cut on.

* No. of cut-on modes unchanged.
= Turbulence energy decreases as
frequency increases.

Fig. 5 Small peaks in the PSD due to variation of number of cut-on
modes with frequency.

collocation points on the blade. To overcome this limitation, a high-
frequency approximation is employed. At low solidity and high fre-
quency, acoustic interactions between the adjacent blades and
between the LE and TE on the same blade are weak; therefore, single-
airfoil approximations may apply [34]. Asymptotic formulas were
developed to take advantage of this feature, such as those for a single
airfoil in [11,35,36], for a flat wing with finite span in [37], etc.
Amiet’s formula in [35] is adopted in this work. It is used to replace
the collocation method in LINSUB to calculate bound vorticity, which
is then fed into LINSUB to compute the acoustic field. LINSUB serves
as a Green’s function in this LINSUB/Amiet combination method. A

75
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60| .1
551
50

45

PSD per span per hertz (dB)

40

35

0 20 40 60 80 100 120 140 160
A=oClu,

Fig.6 PSD predicted by the LINSUB/Amiet combination method (solid

line) and LINSUB (dashed line).



http://arc.aiaa.org/action/showImage?doi=10.2514/1.J053167&iName=master.img-004.jpg&w=199&h=159
http://arc.aiaa.org/action/showImage?doi=10.2514/1.J053167&iName=master.img-005.jpg&w=130&h=164
http://arc.aiaa.org/action/showImage?doi=10.2514/1.J053167&iName=master.img-006.jpg&w=200&h=159

Downloaded by Reprints Desk on January 22, 2016 | http://arc.aiaa.org | DOI: 10.2514/1.J053167

3538 JUETAL.

result using this approach is shown in Fig. 6. The erroneous response at
high frequency is eliminated. The result matches the LINSUB well,
except at very low frequency. The single-airfoil approximation is valid
for MA/(1 — M?)>n/2, where reduced frequency 1 = wC/uq [35].
The frequency above which the approximation is valid for cascades
is higher: MA/(1 — M?) > 5 for the upstream PSD and MA1/(1 —
M?) > 20 for the downstream PSD for the test case in Fig. 6.

E. Modeling of Turbulence Statistics

Turbulence in fan wakes is not periodic between cascade passages.
However, turbulence statistics (TKE and A) are periodic. Nallasamy
and Envia [21] model this periodicity by separating wake turbulence
from background turbulence. The two turbulence components (wake
and background) are assumed uncorrelated. The wake TKE is
modeled as a periodic train of Gaussian functions. Uniform length
scales are used for both the background and wake turbulence. Jurdic
etal. [38], Soulat et al. [39], Dieste and Gabard [40], and Posson et al.
[18] followed the same approach.

Tones are generated by a mean velocity deficit interacting with the
OGVs. The mean velocity profile must be modeled to predict tones.
However, for broadband noise, OGVs experience randomly varying
upwash velocity, even though the turbulence statistics are periodic. A
typical turbulence length scale in the SDT is about 5% of the span of a
fan blade, which is smaller than the pitch of a typical OGV cascade.
Therefore, the correlation of upwash velocity between vanes is small.
It may suffice to use circumferentially averaged turbulence in
broadband noise predictions for high-BPR engines. In the SDT data,
no strong peaks were found around the blade-passing frequency
(BPF) and its harmonics in the broadband noise spectra. This is the
evidence of small turbulence scales in fan wakes.

InEq. (3), the energy of each vorticity wave is linearly proportional
to the TKE and nonlinearly related to A. The TKE is additive as long
as A is uniform in the cascade passage. This explains why modeling
the circumferential distribution of the TKE is not needed. What
matters is the total or the averaged TKE in the wake. Structures of
turbulence statistics (periodicity, wake width, etc.) have little effect as
long as the integral length scale is uniform. Similar conclusion can be
inferred from figures 15, 16, and 20 in [40], as well as from RSI
results in [22,41]. Figure 7 compares the PSD spectra using different
wake turbulence models. There is little difference between the results
using the averaged TKE and the Gaussian distributed TKE.

The integral length scale A has a significant impact on the shapes of
the turbulence spectra and PSD, shown in Fig. 8. It is necessary to
model integral length scales in the background and in the wake
separately. Therefore, this simple model is recommended:

1) The background and wake turbulence are modeled separately.

2) For each, the circumferentially averaged TKE and integral
length scale are used.

90

~ [or] [oe]
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~
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Fig. 7 PSD using different wake turbulence models (A = 3.95 mm in
background and wake): averaged TI = 1.38% used in both wake and
background (dotted line); background TI = 1% and wake TI = 0.96%
(solid line); wake turbulence structure modeled as in Eq. (29) in [38],
background TI = 1%, wake peak TI =2%, and Gaussian half —
width = 14.6% S (dashed line).
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Fig. 8 Effect of turbulence integral length A on PSD spectrum shape:

A = 3.95 mm in background and wake (dashed line); and A = 2 mm in
background and 3.95 mm in wake (solid line).

IV. Quasi-Three-Dimensional Gust Broadband Model
in Annular Duct

A quasi-3-D broadband model is developed in this paper. Radial
distributions of mean flow and geometry are considered based on the
strip theory. Unsteady lift on blade surfaces due to oblique gust—
linear cascade interaction is computed using the 2-D equivalence
method. It is coupled with annular duct modes to obtain noise power
in the exhaust duct. The detailed derivation of the PSD [Eq. (C8)] is
given in Appendix C. Radial turbulence integral lengths and their
impact on the predicted PSD are discussed in this section.

A. Sound Power Spectrum in Uniform Flow

Since the cross-power spectral density @, (ky, k», k3) for homo-
geneous turbulence is used in the broadband model, the integration
range of Ar in Eq. (C8) must be near r. This restriction can be
removed if the mean flow and the turbulence statistics are uniform.
Then, Eq. (C8) becomes

B k(1-M3)
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R, 2 0
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call [ 90 ) [

i
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XL_Z:DO wu( " BScos an s f 1x

(Wik) ==+

2

hA,::,,:n(Kl, —K| tanﬂ,k3)

2rm
BS cos 6

R,—r
X / W (o (r + Ar)) e RAT dAr ks dr} 5)
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Fig. 9 Impact of integration range on predicted PSD. NASA SDT at
approach: L, = 5% span (dashed—-dotted line), L, = 10% span (dotted
line), L, = 20% span (dashed line), and L, = 100% span (solid line).
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No strip assumption is needed, and the numerically exact sound
power can be obtained from this equation. Examining its integrand
and ignoring the duct mode shape for the time being, one may find
integration

R,—r
/ F(ky. ky, Ar) dAr

Ri—r

i

F (ky, ko, Ar) is the spanwise cross correlation of unsteady lift:

ﬁ(kl’kZ’Ar) = / mn(kl k27k3)h (k17k27k3)
X ZCD kroks + <2 et a
= ww 1> A2 Sc 9’ 3 3

Its correlation length is
szfﬁ(kl,kz,Ar) dAr/FE(k,. ks, 0)
0

If L is finite, the integration range of Ar in Eq. (3) can be reduced
from (R; —r,R, —r)to (=L,, L,) or (L, L,),as long as L, > Ly:
L, =max(-L,,R;—r),L, = min(L,,R, —r) (6)
Figure 9 depicts the impact of L, on PSD accuracy. At low
frequency, the computed sound power increases with the integration
limit, indicating that the integration is not converged. As L, increases,
the PSD approaches the numerically exact result from the full
span integration. A small L, gives reasonable accuracy only at high
frequency. At low frequency, the PSD is underpredicted; larger L, is
needed to achieve accuracy. For the SDT data at approach [42], our
study found L, ~ 8A is suitable for the baseline OGV configuration
in the entire frequency range. L, = 0.5A, adopted in some studies,
works only in the high-frequency range.
If L, is small and mode shapes vary little within the integration
range, then in a region away from the duct walls,

R,—r o
/ W, (U (r + Ar))e‘”““ dAr=Y¥,,(Un,t) / e~k Ar Ay
Ri—r P

= 277'-lIIm (/’lmnr)é(k:%)

Noise is mainly generated by 2-D gusts (k3 = 0). Contributions from
oblique gusts cancel each other. It is not the case for high radial
modes, for regions near the duct walls, or for large turbulence length
scales.

B. Sound Power Spectrum in Nonuniform Flow

If the mean flow and the turbulence statistics are not uniform, the
integration limits of Arin Eq. (C8) must be small so that the analytical
turbulence spectrum is applicable and the computation of response
can be simplified as):

B kq(1—M3)?
4/)dadrmnKmn (kdiMden)z

R,
xReal{ S”Op 0w () / hin(lq,

R;

2 B
[Zéww( ”(m+ ])—Kltane,k3):|
Scosd

j=—00

(W) ==+

BScos®

—K,tané, kg|r)

Ly

x/\Pm (/"mn (r+ Ar))e_ik3ArdArdk3 dr} 7

L

2

Equation (7) is used in our predictioni In theory, the integrations
should yield a real number. It is not guaranteed with numerlcal
implementations. Therefore, the real part is taken to obtain Wmn The
integration over r may be continuous; no strip theory is needed.
The integration over Ar should be carried out in a narrow strip. The
criteria of choosing range (L, L,) are 1) large enough to ensure
integration convergence, and 2) as small as possible to ensure flow
uniformity. The first criterion is important. Our study shows that we
would rather have a wider integration range to ensure integration
convergence, even if the requirement of flow uniformity is not met.

C. Spanwise Turbulence Integral Lengths and Integration Limits

To make Eq. (7) valid, at any radial location r, the flow and
turbulence must be approximately uniform within integration range
(Ly, L,). This range must be much larger than radial correlation
length L, of unsteady lift so that the integration converges; and it
must be as narrow as possible to ensure flow uniformity. The key is to
find L ;. The NASA SDT data show that the unsteady pressure field is
essentially homogeneous, with only a modest variation across the
vane [43]. The unsteady pressure integral length is about four times
the turbulence lateral integral length. The LES results in [26] also
reveal a larger unsteady pressure length scale. There is little work in
the literature on modeling this length scale.

There are reasons to believe that the turbulence integral length can
be used to estimate the integration range. As we have mentioned
earlier, the upwash velocity on airfoils induced by turbulence flow is
the ultimate sound source. The study in [30] shows that the cascade
response function hin (ky, ko, k3) depends on k3 weakly. This
simplification applies:

// mn(klﬁkz’k3|r)hmn(k17k2’k3|r+Ar)

—00 —00

=)

2xnj :
X];oocbwu (kl k2+S 6 k3)€_lk3Ardk3dAV

)

~[ﬁin(kl,kz,kz=0|r)f23;;:(k1,k2,k3=0|r+Ar)

2w\ . 27
XZ< (kl,k2+ ]9 ) *(k, ot 0r—|—Ar)>dAr

j=—
(8)
For the Liepmann spectrum [Eq. (3)],
(l’l\)(kl ,kz, r)ﬁ)* (kl s kz, r+ Ar)) = / q)ww(kl ,kz,k3)€_ik3Ardk3
w?(7) o=~/ Tk (AR 2 |Arl/A

" 4a{l+ (Aky )+ (M) 2P/
AT+ 4(Ak))? + (Aky)?]

A+ \/1 + (Akp)? + (Aky)?| Ar|] =1+ (Aky)?]
X[1+ (Ak1)* + (Aky)*JAr?}

The spanwise turbulence integral length scale is

el
8A(Ak))?

T 400K + (M) YT+ (MK ) + (M)

D, (ky., ky. k3)e "0 dks dAr/ / D (kys ky, k3) dis

—00

§ 38

®

If Ar>> L}, (W(ky, ky, r)W*(ky, ko, r + Ar)) approaches zero.
L7 is different from the classic turbulence lateral length scale:
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Le= / (W(E. YW Eor+ A AAF/ (w(En.w (E.0) R A2
0

(10)

Itis also different from the length scale for the single-airfoil response
defined in [10] and adopted in [18]:

LAE/
0

/(wa(kl’kb k3)dk2 dk3 =A

8 38

/ q)ww (kl N kz, k3) dkz€ik3Ar dk3 dAr/
—o0

3m(KA)?
21+ (K, A1 +3(K,A)]

(11)

X

~—38

8

The integration over k, in this definition accounts for the contri-
bution to broadband noise from all the vorticity waves with the same
k1 and k3. For the cascade response, only a discrete number of vortic-
ity waves contributes to broadband noise, shown by the summation
over j in Eq. (8). We choose the maximum L for all k, in Eq. (9), as it
is more conservative to ensure integration convergence:

8(Ak)?

[1+4(Ak)’IV1 + (Aky)?

The four length scales are compared in Fig. 10. Figure 11 is the
predicted PSD for the SDT at the approach condition using the
integration limit L, equal to eight times the length scales. L7/ and L4
are better at high frequency. L is better at low frequency. L, defined
in Eq. (13) and shown in Fig. 12, is modified from L7’ to improve the
PSD accuracy at low frequency. L, = 8Ly is used as the radial
integration limit in our study:

Ly =A > L} (12)

1.136 — 0.755(Ak, — 0.918)2, Ak, < 0.918;

Lr/A= S (00Y.1) (13)
{ (42T /1 Ak Ak > 0918

V. NASA Source Diagnostic Test Data Analysis

The NASA SDT data reported in [42] are used to validate the
proposed noise prediction methodology. Two rotors (R4 and M4)
were tested in the SDT campaign. Only the R4 rotor data were used for
the validation. Noise measurements were made with and without the
OGVs present. In the “fan-alone” configuration (OGVs removed), a
vane nozzle with variable area was used to ensure running of the fan at
the same operating condition as in the “stage” configuration (OGVs
present). Noise data were acquired for each set of OGVs in these two
configurations so as to isolate different fan noise sources. It was
expected that the fan-alone configuration would give fan self-noise
and, through subtraction of these from stage configuration measure-
ments, interaction noise could be identified. Furthermore, measure-
ments were made with and without an aft barrier intended to shield
aft-radiated noise. With the aft barrier in place, only the inlet-radiated
noise would be measured.

Fan exhaust broadband noise associated with fan-wake/OGV
interaction is extracted from the test data using the following procedure:

1) Tones are first removed from the full spectra.

2) Inlet-radiated noise (measured with the aft barrier in place) is
then subtracted from measurements without the barrier.

3) Fan self-noise (measured in the fan-alone configuration) is
subtracted out from stage measurements. This procedure to isolate
the interaction noise source, however, met with limited success. The
measurements reported higher noise in the fan-alone configuration
than in the corresponding stage configuration. This anomaly was
observed for almost the entire spectra at takeoff and cutback condi-
tions, as well as for low (less than 0.75 BPF) and high (greater than 7

L/IA

8

A
Fig. 10 Spanwise integral length scales: L;’ (solid line), L, (dashed
line), L; with k;A = 2 (dashed—dotted line), and L. (double dotted—
dashed line).
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Fig. 11 Effects of using different length scales in the integration limit:
full span integration (solid line), L, = 8L (dashed—dotted line), L, =
8L}’ (dashed line), and L, = 8L, (dotted line).

BPF) frequencies at the approach condition (see Fig. 13). The valida-
tion is therefore limited to the midfrequency range at the approach
condition where meaningful exhaust radiated noise data are available.

The postprocessed data are next used to study the scaling laws of
interaction broadband noise in the SDT. Sound power at approach
with and without vane count scaling is shown in Fig. 14. At fre-
quencies below the BPF, noise levels are almost the same for the two
vane counts. At frequencies above 2.5 BPF, the linear vane count
scaling collapses the data well. The effect of the tip Mach number on
the PSD is examined in Fig. 15. The PSD subtracted by 10 log(M3?)
yields a good data collapse.

0 L 1 L L

8 A 12

Fig. 12 Spanwise integral length scales: L (solid line) and L”; (dashed
line).

16 ZUI
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Fig. 13 Removal of fan self-noise in ADT data: stage noise (dotted line),
fan-alone noise (dashed line), and fan-alone noise subtracted from stage
noise (solid line).
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VI. Validation

The proposed prediction methodology is applied to two vane count
configurations at three operating conditions in the SDT campaign.
Comparisons with the test data are made to assess the accuracy of the
approach in predicting absolute noise levels, as well as trends with
vane count and fan speed.

A. Mean Flow and Turbulence Statistics

Accurate predictions of mean flow and turbulence statistics near
the OGV leading edges are critical. Grace et al. [41] studied the
sensitivity of the RSI software to mean flow inputs, and they found
that the background turbulence intensity and integral length scale
have the biggest impact. In the current study, the total pressure (PT),
total temperature (TT), and flow angle are specified at the inlet
boundary. CFD simulations are tuned to match the measured exit-
corrected flow rates. The PT and TT from the simulations are circum-
ferentially averaged at the location of the PT/TT rakes in the test.
Figure 16 shows good agreement between the simulation and the test
data at the approach condition [44]. Similar agreements are observed
at cutback and at takeoff.

A mixing plane approach is used in the multistage RANS calcula-
tions [29]. Flow details in the fan wake are averaged out at the mixing
plane. To obtain fan-wake information at the OGV leading edge,
follow-up simulations are performed to convect the fan wake from the
fan trailing edge to the OGV leading edge. Radial profiles of circum-
ferentially averaged TKE and w are extracted at the OGV leading-
edge locations. The fluctuating velocity for isotropic turbulence is
w = ,/(2/3)TKE. The turbulence integral length scale is approxi-
mated by

A~ 10v/TKE/w (14)
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Fig.15 NASA SDT exhaust-radiated fan/OGYV interaction noise data at

approach: B = 54. Speed scaling of M33 collapses the data well:
approach (solid line), cutback (dashed line), and takeoff (dotted line).
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Fig.16 Comparisons of measured (solid lines) and predicted (symbols)
mean flow profiles at the rake location: approach condition. SDT data
from [44].

similar to [41]. (Refer to [45] for details evaluating the integral length
scales.)

Figure 17 compares the root mean square (RMS) of the measured
and predicted axial and circumferential components of fluctuating
velocity at two axial locations downstream of the fan (denoted by
Laser Doppler Velocimetry (LDV)1 and LDV?2). The measured axial
and tangential fluctuating velocities are approximately equal
(especially at LDV1), justifying the assumption of isotropic
turbulence made in the proposed prediction procedure. The RANS
simulations underpredict turbulence intensity and dissipation rate.
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b) With 10log;¢(B) scaling

Fig. 14 NASA SDT exhaust-radiated fan/OGYV interaction noise data at approach: B = 54 (solid line) and B = 26 (dashed line).


http://arc.aiaa.org/action/showImage?doi=10.2514/1.J053167&iName=master.img-009.jpg&w=200&h=156
http://arc.aiaa.org/action/showImage?doi=10.2514/1.J053167&iName=master.img-010.jpg&w=239&h=186

Downloaded by Reprints Desk on January 22, 2016 | http://arc.aiaa.org | DOI: 10.2514/1.J053167

3542 JUETAL.

Velocity fluctuation RMS (ft/s)

5 6 7 8 9 10 11
Radius (in.)

a) At LDV1 (3.12 in. downstream of fan tip trailing edge)

u
o

N N W W AN
o o0 o o o o

15

Velocity fluctuation RMS (ft/s)

5 6 7 8 9 10 11
Radius (in.)

b) At LDV2 (6.49 in. downstream of fan tip trailing edge)

Fig. 17 RMS of measured and predicted axial and tangential components of fluctuating velocity at approach condition: simulation (solid line), axial
fluctuating velocity in LDV data (diamonds), and tangential fluctuating velocity in LDV data (+ symbols). LDV data from [46].
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Fig. 18 Turbulence integral length scales for the SDT at approach. The
location in the simulation is 0.33 in. upstream of the hotwire Hot wire 2
(HW?2) in the test: streamwise integral length from HW?2 in test (dotted
line), simulation (dashed line), and simulation with correction (solid line).

But, at LDV2, the simulated upwash velocity is close to the tangential
fluctuating velocity in the test. The simulated turbulence intensity is
used in the noise prediction without any correction.

The ratio of the integral length scales in the streamwise and the
chord-normal directions is roughly 2 between 20 and 80% of the span
(see figure 25 in [46]), further justifying the isotropic turbulence
assumption. Figure 18 compares predicted [using Eq. (14)] versus
measured streamwise integral length scales. The prediction over-
estimates the integral length almost by a factor of two. This is cor-
rected by scaling it down by a factor of 1.7 (see Fig. 18) before use
with the proposed noise prediction process.
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Fig. 19 PSD predictions compared with NASA SDT data at the
approach condition: test data (solid line), prediction using 2-D
equivalence method with LINSUB (dashed line), and prediction using 2-
D equivalence method with high-frequency single-airfoil approximation
(dotted line).

B. PSD Comparison

The midspan vane chord is used in the cascade response calcula-
tions. The effect of vane twist is modeled through radial variation of
the stagger angle. The airfoil camber and thickness are ignored. The
current model cannot capture the effects of swirling flow and the fan
cascade on noise transmission, which are needed to predict inlet
radiated noise [47]. Neither can it account for acoustic reflection from
the fan cascade. The focus is therefore limited to exhaust noise
directly radiated from the OGV. Figure 19 compares the measured
exhaust noise PSD against predictions made using the 2-D equiva-
lence method with LINSUB. Very good agreement is observed. The
prediction using the 2-D equivalence method with the high-fre-
quency single-airfoil approximation (described in Sec. ILD) is also
shown. As explained in Appendix A, M A /(1 — M?) > z/2 is not
satisfied in the 2-D equivalence method, even at high frequency when
ks approaches the cutoff condition. And, the vane count is so large
that the cascade effect cannot be ignored. Therefore, the predicted
spectrum does not converge on that using LINSUB. However, it does
a good job of capturing the spectrum shape in this case.

C. Vane Count Trend
A general form of vane count scaling is written as

PSD[ - PSD2 = lOlOglO(Bl/Bz)” (15)

The 2-D broadband model in [23] predicts g =1 at high
frequency. Chord C is held fixed in [23]. Also, y = 2 has been
suggested by others (see, e.g., [21] and Eq. (186) in [16]). The NASA
SDT data shown in Fig. 14 exhibit two vane count trends: y ~ 0 atlow
frequency, and u = 1 at high frequency. The Boeing 18 in. Low-
Speed Aeroacoustic Facility data show p <1 [3]. In [3,16,21], the
vane solidity C/S is held fixed, which is the right metric to hold
constant from geometric and dynamic scaling perspectives.

Examining Eq. (7) reveals that the sound power (per span and per
k) is roughly proportional to the vane count, turbulence energy per
pitch, and chordwise integrated response squared:

. 1 & 27(m + Bj)
WEIV~B. = @, | K, ——— K, tan 0,k
( mn) Sj:Z_m ww( 1 BS COSQ 1 tan 3
N 2 2
JhE (Kl,ﬁzzg—l(l tan 6, k3) (16)

Figure 20 illustrates typical variations of

> @,,/S

at the SDT approach condition.

Z ®U)U/' /S
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Fig. 20 Variation of ) _®,,, /S with vane count. Geometry and flow at the midspan location are used: k3 = 0, and spinning mode m = 0.

may be considered as the numerical integration of ®,,,, with interval
Ar=1/8:

b 2em 2z
1= | o, (&, —Z"_ 1— K, tan 0, k; | dr
/ '“‘( lBScosH—i_cose L an 3)

—o0
> 2rm 2

~ At () K,,—— jAt— K, tan 0,k
j:z_oo ww( D BScos 0 cos 0TI En 3)

_ 2z(m + Bj)

_—J_ZWQWM,(KI,W—KI tanﬂ,k3

When B is smaller than a critical value B,, ®,,, is a smooth
function with regard to its second argument. Integral / can also be
numerically integrated using At = 1/(BS):

00

1 2xm 2r
I ~— o, s — K, tan 6,k
B5 2 ( B cos 0 T BS cos o7 ~ K110 3)

Jj=—co

Therefore, this approximation applies:

I & 2x(m + Bj)
S/Z_wq)ww(Kl, BS cos @ _Kl tan 9,]{3
1 2n(m + j)
BSZq)ww( 1s BS cos e_Kl tang,k3

J=—00

> ®,,,/S varies little with vane count, since BS is a constant. This is
consistent with Eq. (35) in [23]. When B > B,

> @4/

varies nonlinearly for moderate values of B. For very large B, it

increases linearly with B. B, increases with frequency. At the SDT

approach condition, B = 25 at 0.56 BPF and B, = 65 at 5 BPF.
The variation of hmn depends on many factors To simplify the

analysis, we study
V Z |hmn

with the summation carried out over all cut-on modes. If C is kept
constant, the IBPA and solidity vary with B, whereas the other
three input parameters to LINSUB (stagger angle 6, Mach number,
and reduced freclruency A) are unchanged. Figure 21a illustrates
the variation of & at low frequency. When S/C C > 2. 7(B < 12), the
acoustic interaction between blades is small; h converges on the
single-airfoil approximation. When B is large (greater than 54 in
Fig. 21a), the response is inversely proportional to B (refer to the
dotted line in the ﬁgure) Similar trends are found in Fig. 21b for
high frequency. Also, ;' is inversely proportional to B for B > "> 100.
It approaches the smgle-airfoil approximation when B <25.
It changes drastically for 25 < B < 100.

Solidity is kept fixed in the SDT for aerodynamic scaling. C, the
IBPA, and 4 increase as B reduces. (The PSD spectrum shift toward
lower frequency would be expected.) Variations of A with 4 at low
frequency are shown in Fig. 22a. The single-airfoil response barely
changes for 4 > 10 and B < 27. It does not increase with 1 or chord,
indicating leading-edge dominance of unsteady lift. It is not the case
for the cascade response. The cascade effect does not decrease with B
due to the increasing chord. For small B (1e§§ than four), h scales
with C or A. For large B (greater than 11), h scales approx1mately
with /C or +/2. A strong cascade effect also occurs at hlgh frequency
(Fig. 22b). In the high reduced frequency range, h is ﬁtted by a
square root line. When B is very large (greater than 128) h varies
smoothly and scales with +/C or /2. Figure 22 reveals that the
cascade response does not approach the single-airfoil response when
solidity is maintained.

0 1 2 3 4 5
s/C

a) At low frequency (0.56 BPF)

120 -

7" ___________

5/C
b) At high frequency (5 BPF)

Fig. 21 i;: vs S/C as B varies. Constant chord C = 1.61 in. NASA SDT at approach. Geometry/flow at the midspan are used, with k3 = 0: cascade
response (solid line), single-airfoil response (dashed line), and linearly fitted curve for small S/C (dotted line).
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a) At low frequency (0.56 BPF): fitted curves

(dotted lines; linear line for large A, square
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b) At high frequency (5 BPF): square root
line of fitting (dotted lines)

Fig. 22 l;: vs A as B varies. Constant S/C = 0.56, and k3 = 0. NASA SDT at approach. Geometry/flow at the midspan are used: cascade response (solid

line), and single-airfoil response (dashed line).
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Fig.23 Predicted vane count scaling with chord maintained. NASA SDT approach condition; response = 2 — D equivalence + LINSUB: B = 54 (solid

line), and B = 26 (dotted line).

The vane count trend of the sound power results from the combined
effects of

> @4/

and I;fm [Eq. (16)]. It depends on many factors: mainly, the vane
count and the frequency. If C is maintained,

Z (DU)U) /S

and ﬁ:r are independent of B for B < B,.; sound power scales with B,
and therefore y = 1. For B> B,

120

115
110
105
100

95

PSD per 59 Hz (dB)

90
85

80

1 2
Frequency in BPF

3 4 5678910

a) Without vane count scaling

Z (wa/s

and ﬁ:r scale with B and 1/B, respectively; sound power is
independent of B and y = 0. Since B, increases with frequency,
u = 0 — lisexpected in the PSD spectra as the frequency increases.

Figure 23a depicts the predicted PSDs at the SDT approach
condition for two vane counts (54 and 26) with the chord fixed. The
noise levels for B = 26 and for B = 54 are almost the same at low
frequency, suggesting 4 = 0. In the high-frequency range, the two
curves with 4 = 1 scaling in Fig. 23b collapse well. This is consistent
with the aforementioned analyses.

A similar analysis can be made when solidity is maintained. In the
low-frequency range, u is —1 for small B (less than four), and zero for
larger B (greater than 11). Athigh frequency, u = 0 forregular B (less
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Fig.24 Predicted vane count scaling with solidity maintained. NASA SDT approach condition; response = 2-D equivalence + LINSUB: B = 54 (solid

line), and B = 26 (dotted line).
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Fig. 25 Predicted vane count scaling ¢ = 1 at cutback, with constant
solidity; response = 2-D equivalence + LINSUB: B = 54 (solid line),
and B = 26 (dotted line).
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than 65), and u = 1 for very large B (greater than 128). Reducing the
vane count is noise beneficial only in the very high-frequency range.
The predictions in Fig. 24a are consistent with this analysis: the noise
level for the low vane count is higher at low frequency, and it is only
slightly lower at high frequency (4 ~ 0). Also, 4 = 0.3 instead of
u = 1 best fits in the high-frequency range, as shown in Fig. 24b. It is
believed that, at the approach condition, the whole spectrum is still in
the midfrequency range. When frequency goes even higher, 4 = 1
applies, such as a greater than 5 BPF at the cutback condition, shown
in Fig. 25.

The current method has mixed success in predicting vane count
trends in the SDT. The noise increase (¢ < 0) in the low-frequency
range and ¢ = 1 atvery high frequency are predicted. However, u = 1
scaling applies at a frequency as low as 2.5 BPF in the test (Fig. 14).
This implies that the current model overpredicts the trailing-edge effect
by ignoring the camber. Predictions using the single-airfoil high-
frequency approximation, shown in Fig. 26, give y = 1 scaling. This is
consistent with the analysis of the single-airfoil response, shown
in Fig. 22.
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Fig.26 Predicted vane countscaling z = 1 using the single-airfoil high-frequency approximation, with constant solidity: B = 54 (solid line), and B = 26

(dotted line).
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Fig. 27 Predicted fan speed scaling, with B = 54; response = 2-D equivalence + LINSUB: approach (solid line), cutback (dashed line), and takeoff

(dotted line).
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D. Fan Tip Speed Trend

The response function R(&, ky, k,, k3) defined in Eq. (A3) scales
with 2~1/2 or /M for a single airfoil (equations 16 and 17 in [35]).
Assume similar scaling for the cascade response. Then p scales with
ugWR ~ M>/? and the sound power scales with p? ~ M> if i 1deally
scales with M. Examining Eqgs. (B13) and (7), one may find hmn ~
MO+ and (WE,) ~ M** (0.54 denotes a value higher than 0.5 and
smaller than 0.6). The predictions at different operating conditions
(fan speeds) for the B = 54 configuration in the SDT are compared in
Fig. 27. The spectra with M? scaling in Fig. 27a do not collapse.
Relative to the scaled sound power at takeoff, the PSD is 1.3 dB
higher at cutback and 3.2 dB higher at approach. This mismatch is
due to the fact that the turbulence intensity (TI) does not exactly scale
with M. The takeoff operation point has the highest aerodynamic
efficiency, since it is closer to the design point. Relative to the takeoff,
the TIis 1 dB higher at cutback and 3.3 dB higher at approach in the
mean flow simulations, which is consistent with the discrepancies
shown in Fig. 27a. M? scaling is confirmed in Fig. 27b, in which the
TI is corrected and proportional to M. “Ideal turbulence” is only
possible when aerodynamic performance is optimized for each
operating point. It is not the case in the SDT. The actual speed scaling
depends on the actual geometries and operation conditions. M3
scaling best fits both the predictions shown in Fig. 27c and the test
data shown in Fig. 15. The current model predicts this trend
accurately.

VII. Conclusions

A 2-D equivalence method was recently developed for calculating
oblique gust/cascade response. To employ LINearized SUBsonic
unsteady flow in cascade in this method, a single-airfoil high-
frequency approximation was incorporated to eliminate its erroneous
response. The effect of fan-wake turbulence modeling on predicting
fan/outlet guide vane interaction broadband noise was then
investigated. It was found unnecessary to model the circum-
ferential distribution of the turbulence kinetic energy for typical
turbofan engines if a uniform turbulence length scale was used.

A quasi-3-D broadband model was developed. Unsteady lift due to
an oblique gust was calculated using the 2-D equivalence method. It
was coupled with annular duct modes to compute the in-duct total
sound power. A larger spanwise integration range was required in the
model to ensure integration convergence. A spanwise turbulence
integral length for determining this range was given. The proposed
model was validated against the NASA SDT data. Sound power
scaling with vane count was examined. If the airfoil chord was fixed
as the vane count B was reduced, the cascade response approached
the single-airfoil response. At low frequency, the sound power was
independent of B; it scaled with B at high frequency. If the solidity
was kept fixed, the cascade response did not converge on the single-
airfoil response, even for very small B. Linear scaling with B only
applied at very high frequency. As to sound power scaling with fan
speed, two scaling factors were identified: M3 for an ideal wake, in
which turbulence intensity scaled with M; and M3? for the tested/
simulated fan wake, in which turbulence flows were at offdesign
conditions at approach and at cutback.

Geometries and mean flows were greatly simplified in the predic-
tion process. The current results demonstrate the value of this
reduced-order approach. This confirms the belief that the effects of
blade thickness, camber, and angle of attack are mainly on the steady
force. Their impacts on unsteady lift and noise are in higher orders.

Appendix A: Two-Dimensional Equivalence Method for
Oblique Gust/Cascade Response

Details of the quasi-3-D broadband model are given in the
Appendices. The model is also reduced to a 2-D model to compare
with an existing theory.

A 2-D equivalence method to compute the oblique gust/cascade
response is briefly described here. The detail was presented in [30].
Blades are assumed flat and unloaded. Two Cartesian coordinate
systems, (&, 7, z) and (x, y, z), are established on the reference blade,

shown in Fig. 1. The wave number vectors in the two systems are
(ky, ky, k3) and (a, p, k3), respectively. Note the following relations:

E=xcos@+ysinf, n=-xsinf+ycosH,
a=k,cos@—k,sinf, f=k,;sinf+k,cosb, ax+py=kE+kn
(AD

Unsteady lift from 2-D gust (k3 = O)/cascade interaction is
calculated using LINSUB. For k3 # 0, we define a 2-D equivalence
problem for cut-on modes [k3 < @/(ayy)]. The five input parameters
to LINSUB in the 2-D equivalence method are as follows:

Mach number:

M= My/1- (rkzyag/w)?,

Stagger angle:

6 = tan~'[(tan 0)7/7], y=vV1-M

M = uy/ay, y=vV1i-M

Spacing-to-chord ratio:

§/C = (5/C)y/sin? 6 + cos? 6(r /7)? (A2)
Reduced frequency:
L=/ A= wC/ug

and IBPA:

BS = BS + 48 sin 0[(7/7)* — 1]

The output of LINSUB is I* (¢, ky, k», k3), which is the unsteady
lift distribution on the reference plate normalized by poit3 for gust
strength W = i1, and time factor ¢’ (where * denotes conjugate).
For the oblique gust in Eq. (1), unsteady lift in the time domain on the
reference plate is

LO&, 7,1, ky, Ky, k3) = pouo(ky, ky, k3)R(E, ki, ko, ks)el7=eD,
R(E Ky k. k3) = (7/7)UE Ky Ky, k) el 177 /70500 (A3)

The LINSUB/Amiet combination method introduced in Sec. III
may also be used in this 2-D equivalence method. However, since
M —0 as ky increases, MA /(1 —M?) > /2, which is re-
quired for high-frequency approximation, may no longer be valid
even at high frequency.

Appendix B: Sound Pressure Generated by Unsteady Lift
in Annular Duct

A cylindrical coordinate system (x, ¢, r) is established in the duct.
Uniform mean flow with velocity u, in the axial x direction is
assumed; the analysis is therefore applicable only for exhaust
radiated noise. Note the mismatch of this mean flow and the swirling
flow uy modeled in LINSUB. Some cut-on modes in the axial mean
flow are cut off in the swirling flow. These modes are treated as cut off
in the current model.

The form of sound pressure Fourier component assumed is

p(x, 1) = Real[p(x, w)e™ ™" dw] (B1)
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where p(x, w) is the sound pressure spectral density. In a straight,
infinitely long hard-walled annular duct,

p* E E + (a3, +mg,
(xn)— pm,,, Wherepmn—Amn‘Pm(ﬂmnr(,)e’("’ X,+me,)

m=—oon=

o * —i(@y X+ me)
Am" 4ﬂrmnKmn f/qlm (/’lmn r)e
N
~ m A
X [ainf}c(x) +_fq;(x):| dS(x) and
r

_Mdkd:tkmn
a%n = 5 sy Kpn= k(21 - (1 _Mé)ﬂgnnﬁ
1-M2 V

ki=w/aq, Mg=uy/a, (B2)

where a, is the sound speed. The source point is x. The observation
point x, is outside of the source region (either upstream or down-
stream). Also, a, is used for x, > x (downstream) and aj,, for
X, < x (upstream). Unsteady lift on the fluid is assumed to have
components only in the axial and the circumferential directions: f,
and f,,. f = m/ris the tangential acoustic wave number. If we define
the two-dimensional modal vector @ = (a,,,, m/r), then the modal
amplitude A, is proportional to the unsteady lift projected onto the
modal vector: @ - f = ai, f, + (m/r)f,. The eigenvalue is fi,,,.
The eigenfunction ¥, (i,,,,,r) in an annular duct is

Jr,n (ﬂmnRi)
lIJm(ﬂmnr) =Jm(/"mnr)_/7Ym(ﬂmnr) (B3)
Ym (/"mnRi)
and
R(J
= [ Gt Prdr
R;
%(R,Z, —R%),m =n=0;
(R2 _:Zl_z)lpzn (ﬂnmRn) _%(Rzz )lP (.umnR ) otherwis

R; and R, are, respectively, the inner and outer duct radii. J,, (¢, )
and Y,,(u,,,r) are, respectively, the first and the second kinds of
Bessel functions of integer order m.

Assume the blades are thin and the fluid is inviscid. The lift exerted
by the fluid on the jth blade,

Lign = pp&n) = pie.n = =If &) (B4)
where j = 0,1, ...,B —1, is in the direction normal to the blade
suction side. The blade normal is n = (—sin 0, cos ). The suction-
side and pressure-side sound pressure are p} and p), respectively.
Substituting Eq. (B4) into Eq. (B2), the mode amplitude becomes

RH
1
Ax = —/\y;;l(ﬂmnr)(a,ﬁn sin 0 =" cos 6)
4”Fn1nKmn r
R;

B-1
X /‘e—ié(aﬁn cos 6+m sin 0/r) Z LAJ'(é-’ r)e—imZI_j/B df dr (BS)
c J=0

To compute the chordwise distribution of unsteady lift L (& r)atr,
two approximations are to be made. First, variations of the mean flow
and the cascade geometry are small within a few radial correlation
lengths of unsteady lift. The second is to unwrap the annular cascade
to form a linear cascade so that all terms associated with coordinate
curvature in the Euler equations can be neglected. With these ap-
proximations, the linear Euler equations with uniform flow in the
Cartesian coordinates apply. Then, we may employ the equivalent

2-D method introduced in Appendix A to compute unsteady lift
L0 (&, r) on the reference blade.

Wake turbulence is fan locked and has a frozen pattern. In the
frame (¢ = & — uyt, 1, z) moving with the mean flow, the upwash
velocity from a frozen gust is

l‘b(kl ’ k27 k3)ei(k]§'+kzr]+k3z) dkl dkz dk3

where Ww(ky, ky, k3) is the upwash velocity spectral density. The gust
in the fixed frame is

ﬁ)(kl s kz, k3)€i(k1§+k2n+k32_wl) dk] dkz dk3, where o = kl Ugp

(B6)

The nondimensional lift on the reference blade R(&, ky, k», k3) is
obtained in Eq. (A3). The unsteady lift in time domain is

L& 2.1, ky ko, ks |r)
= po(INug(|NW(ky, ky, k3) X R(E ky, ky, ks)e'si=kion) dky dk, dk

where rin (..|r) denotes a parameter and not an independent variable.
Note the different Fourier transform used in LINSUB:

ei(k|§+k2:1+k32+w*t)
Care must be taken regarding the input parameters to LINSUB and
how to relate I* (&, ky, ko, k3) from LINSUB to R(¢, ky, ky, k3) in the
current model.
The IBPA of the gust is
oc=p,S B7)

where f,, is the tangential vortical wave number. The unsteady lift on
each blade is

Li/(&,2,1)
00 o ©o

—[)0140/// kl,kz,kg)XR(g kl,kz,kg)eljﬁ I(k“_k'u”t)dk dedk@,
1

j=0,1,....B— (BY)

The turbulence and unsteady lift are aperiodic stationary random
processes. The Fourier transform of the unsteady lift is defined as
([48] appendix A)

T
L& 2) = ! / Li(€, z, f)e'™ dt (B9)
-r
Using
T
}Ln:oz_lﬂ e~ dt = 5(w) (B10)
or

in Egs. (B8) and (BY9) yields

lim £(6.2) = po / / DK, k. k)

R(f, Kl,kz,k3)eij”€ik3z dk2dk3, Kl = (U/MO (Bll)
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Substitute it into Eq. (BS):

R,
1
Ain_ﬁfﬂoq’ (”mnr)//w(Kl»k2’k3|r)Xhmn(KlakZ»k'i'r)
B-1
eik;rZeij(a—m2n/8)dk2dk3dr (B12)

=0

The chordwise-integrated response function is

B (k1 Ky, ks |r) = (ain sin 0 — 2 cos 9)
r

X /e—if(a,f,, cos 6+m sin H/V)R(f, kl , ka k3|r) df (B13)

C

The integration can be carried out using the trapezoidal rule in
[49]. Eq. (16).

Appendix C: Broadband Model

Fourier components of sound pressure pr(w) and axial acoustic
velocity iy (w) can be defined in the same way as in Eq. (B9). The
sound intensity in the axial direction is

= lim %Real{(l + Mﬁ)ﬁr(w)ﬁ?(w)

T—oo

o, [ﬁr(w)ﬁ;(w)/(pdad) + pdadﬁr(co)a;(w)]} )

The sound power spectrum density in the duct is the sum of the
sound power from all cut-on modes:

R, 2m
W= [ [irapar =y S i,
R; 0 m n
Wi, = +1lim 722 o i*w )

mn‘imn — B
=T pgag (kgFM g% )

Wmn does not depend on the modal phase and the axial location. It
depends on the axial wave number, frequency, Mach number, and
modal amplitude. It is the two-sided PSD per circular frequency. The
one-sided PSD per hertz is 47rW,,m, with a unit of

power X time ~ density X velocity? x length?
The temporal cross-power spectral density
Jim = Z (A A
is needed to obtain the ensemble average of the sound power
(W)

From Eq. (B12), we have

R, R

(A Amn) = (4xT, nKmn) /R/ /oo/oo

i

XT:1(/"mnr)lP (/"mn /)hmn(Klvkbk3|r)hm;(K17k2/?k3/|r/)

poIM)po(lr)

g%
¥ og—t

B-1 B-1
. Z gii(o=m2x/B) Z e—ij'(a'—mZn/B)(w(Kl’ k. ks|r)
i=0 /' =0

X (K. k), k|r"))elhsr=kr) di) dk; dk, dis dr’ dr (C3)

For a homogeneous, isotropic turbulence flow, the spatial cross-
power spectral density of the upwash velocity is

(W(Ky, ky, k3)W* (K, ky, k3))
= (WW* (K, ky, k3))(ky — k3)S(ks — k3)

Turbulence is not periodic in space. Its spatial cross-power spectral
density is defined as

T PN
D, (ki, ko, k3) = I%I_Iiloﬁ(ww (ky, ky, k3)), R =Tu

Then,

R
lim T(ww (kl,kz,k3)>_ fim = (K1 K k) = 1@y (r Ko K)

T—oo

Substitute it into Eq. (C3):

=

, R,

Jim = ~ (M) =

uo(In)po(INpo(|r’)

> g 8

(4ﬂrmnKmn)2 w[

i i —00 —
X\P;wmnr)ly (/"mnr/)hmn(Kl?kZ’k3|r)h$:(Kl’k27k3|r/)

X Zelj(ﬁ—m2ﬂ/3) Z e—lj '(6—m2n/B)

Jj'=0
X chw(Kl N kz, k})elh(rir,) dk2 dk3 dr’dr (C4)

=

where r’ must be near r if the mean flow and turbulence are not uni-
form. This requires a small spanwise integral length of unsteady lift.

Vorticity waves are periodic with fundamental period BS in the
tangential direction of the unwrapped duct. Therefore,

o/S=p,=K;sin0+k,cosd=2xl,/(BS), [,=0,£1,£2,...;
27 2z

BSoo gl Kianb, ko =o Al (C5)

k, =
2 BScos0

Note that

B-1 . . .
Z Q2rijl-m)/B — B, if (I, —m)/B is an integer,
. 0, otherwise

which leads to the scattering rule:
I, —m = Bj, j=0,£1,£2, ...

Then, the integration over k, in Eq. (C4) can be replaced by the
summation over the vorticity wave index [,
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R, R,—r
B A
lim = (A:t AEr) = 2/ / uo(|r)po(Ir)po(|r + Ar)
T-o T 8x(LKpmn) S cos 6

X \P:‘l (/’lmn r)lpm (ﬂm"l (r + Ar))

4 2z(m + Bj)
Z /h,,m(Kl, B oo g~ Kitan 0.kl

j——oo
A 2n(m + Bj)
X he (Kl,iBS g~ Kian0.kslr+Ar
2 Bj .
sy, (K ZUEBD g 0,k et dks dAr dr
BS cos 6

(Co)

The unsteady lift is the same for ¢ = 2z(m + Bj)/B and
o —2n =2xa[m + B(j — 1)]/B:

. 2 B
(0 g o D K 01k
. 2
= hE, (Kl’iBS ZZZ 5= K tan 0, k3) €7

Substitute Eqs. (C6) and (C7) into Eq. (C2):

£y B kg(1—M2)?
4pdadrmn’<mn (kd+Mden)

R, R,—r
XReal{/ / uo(|r)po(|r)po(|r+Ar)

‘{l;:l (ﬂmn r)lpm (ﬂmn (r+ Ar))

Scosf
R; Ri—r

i 2rm
| hE Ky —————K, tan6,k

/ mn( I’BSCOSQ | tand, 3|r)

Ay 2rm
Xhmll(Klﬁm_Kl tan@,k3|r—|—Ar)

2 B )
[ 3 %u( M—K1 tane,k3)]e"k3A’dk3dArdr}
= BScos@
(C8)

Note the singularity when «,,, = 0 at the cut-on frequency.

Appendix D: Sound Power Spectrum in Two Dimensions

The quasi-3-D model [Eq. (C8)] is reduced to two dimensions
to compare with the theory in [23]. Assume the annular duct
width b(= R, — R;) is much smaller than the mean radius
R.= (R, + R))/2],i.e.,b/R. —» Oand R;/R, — 1. There is a plane
wave for each spinning mode m: n = 0,u,,0 = 0,%,,(i,01) = 1,
[0 = (R2—R?)/2 =bR,, and «,, = k;. Assume the flow is
inviscid or b is much larger than the boundary-layer thicknesses. The
mean flow, the turbulence statistics, and the gust/cascade response do
not vary over Ar:

By Ko k3 |P) % Ty (ky . Ky, s | 7+ AF)

Then, Eq. (C6) becomes

B 140/’%

li Ai Ai* —
DT ( moAnd ) = 872(T0K,m0)> S cOs O

T-ooT

{]

i

2

hE, (Kl, —K, tan®, k3)

0s 6

R,—r
2z (m+ Bj) »
Z(I)wu,(Kl, BScosg ~Kitan0.ks /e iksArdAr |dkydr
J=7 R;—r
Asb — 0,
R,—r

e~ AT dAr = be~ R (Re=D sinc(kyb/2) — be "R,

esr dr = be'®sRe sinc(ksb/2) — be'rke

R,
Then
Bb? uop?
1 AL AL 0Fo
TI—EEOT( moAg) = 87(Luokmo)> S cos 0
N 2zm 2
X | ol K1y o——— K, tan 6, k
/ mO( "BScosg 0 3)
-0
2z(m + Bj)
xj_z_mtbww(l(l, B cos g~ Kitan 0.k ) dky

Substituting it into Eq. (C2), we obtain the sound power spectrum for
a two-dimensional case:

ab(1—M3)®  Mp,
2(kyFM 4k ,)* S? cos 0

~ 27xm
him (Kl "BS cos 0

(Wio) -+
3
—

[so] 2 B.
-y wa(Kl,M—Kl tan 9,k3) dks (D)

2

- Kl tan 0, k3)

BS cos 6

j=e

The Sound power spectrum density per span
(Wiio) /b
is the same as the 2-D result [Eq. (25)] in [23], except that the response
Ri(ky ky) =~ (k. Ko, )/ (25ky)

is assumed same for all k3 in [23].
Note that span b is not required to be small compared with the
turbulence integral length scale in this analysis.
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