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This paper describes a two-part analytical study of the benefits of stator sweep
and lean for reducing rotor-stator interaction tone noise. The first part of the paper
describes a design study aimed at selecting a sweep and lean configuration that
maximizes noise reductions for a candidate low-noise stator. In the second part, the
predicted noise reductions that can be achieved by such a stator are compared with
its measured benefits.

The results from the first part indicate that the kinematic relationship between
the rotor wakes and stator vanes is the principal factor in determining the
achievable noise reductions. It is shown that properly chosen sweep and lean
enhance wake tilting as seen by the stator vanes. This, in turn, increases the number
of wake intersections per vane leading to reduced noise levels. This argument
suggests that to reduce noise, sweep and lean must be chosen in such a way that the
number of wake intersections per vane is increased. Thus, a simple design rule is
proposed for implementing sweep and lean. To achieve significant noise reductions,
the rule calls for a sweep configuration for which vane tip is downstream of its root
and vane lean that is in the direction of the rotor rotation.

In the second part of the study, a detailed assessment of the acoustic performance
of the swept and leaned stator is carried out by comparing its predicted and
measured noise reductions. Overall, these comparisons show that the predicted
benefits of the swept and leaned stator are in good agreement, qualitative as well as
quantitative, with the measured reductions for the fan speeds that are relevant to
the standard noise certification procedures. Furthermore, the results demonstrate
the validity of the design criterion as well as the theoretical tools used in the design
and analysis phases of this study. © 1999 Academic Press.

1. INTRODUCTION

The commercial air traffic is expected to increase substantially in the coming years
as air travel becomes more affordable worldwide. At the same time, increasingly
more stringent community noise regulations continue to place severe limits on the
acceptable level of aircraft noise near airports. To address these concerns and
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develop low-noise propulsion technologies, promising concepts for suppression of
noise emissions from subsonic aircraft are being investigated under the auspices of
NASA Advanced Subsonic Technology (AST) initiative. The AST requirements
call for a 10-dB reduction in the aircraft’s effective perceived noise level (EPNL) by
the end of this decade [1]. Such dramatic reductions demand a comprehensive and
systematic approach to the problem of noise suppression and require a better
understanding of the noise generation processes through both theoretical and
experimental studies. Fortunately, the essentially additive nature of aircraft noise
sources allows the individual sources to be targeted separately which significantly
reduces the complexity of problem.

The study reported here focuses on the reduction of fan-associated noise, which is
known to be a major source of modern aircraft engine’s total noise signature [2].
Specifically, the targeted source in this study is the so-called rotor-stator
interaction tone noise generated as a result of periodic impingement of fan wakes
on the outlet guide vanes (OGYV). The suppression method investigated here
involves incorporating swept and leaned stator vanes in the design of the OGV. As
shown in Figure 1, sweep is defined as the axial displacement of the vane leading

Radial stator Swept stator

(@)

Radial stator Leaned stator

()]

Figure 1. Geometry and definition of stator vane: (a) sweep angle and (b) lean angle. Fan rotates
clockwise (view looking aft along the aft axis).
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edge from its baseline radial position. Similarly, lean is the circumferential
displacement of the vane leading edge from its baseline radial position.

Since the early 1970s, several theoretical and experimental studies had hinted at
the potential of sweep and lean for reducing rotor-stator tone noise [3-10].
However, it was in a recent experimental study that the benefits of OGV sweep and
lean for reducing fan noise were convincingly demonstrated for a representative
modern low-speed fan stage [11]. The results show that, compared to a radial one,
a swept and leaned OGYV provides sizable reductions in the level of rotor—-stator
interaction tone noise over a wide range of operating conditions. Furthermore, it
was also established that the swept and leaned stator was quieter even when the
rotor-stator spacing for the baseline radial stator was increased. This suggests that
the effectiveness of sweep and lean is not solely due to the additional viscous wake
decay that is realized through the increased rotor-stator spacing for a swept and
leaned OGV as compared with a radial one.

This paper documents the design procedure that was utilized to select the
candidate swept and leaned OGV used in the experimental study outlined in
reference [11]. The paper also includes a detailed comparative study of the
predicted and measured noise benefits of the swept and leaned OGV versus the
baseline radial stator as well as two other alternative low-noise configurations.
A description of these alternative designs will be given later. The paper begins with
an overview of the theoretical tools used in the design procedure and the details of
the selection process that led to the choice of the swept and leaned OGYV. In the
second part of the paper, the theoretical tools used for the predicting the acoustic
performance of the candidate OGV and the results of the comparative study are
summarized. The comparisons serve to emphasize the advantages of the swept and
leaned stator concept and, at the same time, validate the design approach and
theoretical tools used in the process. A summary of conclusions drawn from this
study is also included.

2. SWEEP AND LEAN DESIGN STUDY
2.1. DESIGN TOOLS

2.1.1. Fan noise model

The theoretical tool used in this study for selecting the candidate low-noise stator
is the BBN/V072 fan noise prediction code [12-14]. It is based on an analytical
model for predicting tone levels produced inside the bypass duct due to the
interaction of fan wakes with the OGV. The code combines a two dimensional
(2-D) strip description of the unsteady aerodynamic interaction between the rotor
wakes and stator vanes with a 3-D acoustic response of an annular cascade to an
incident gust. The bypass duct is assumed to be a constant-area annulus containing
a uniformly moving medium. Both upstream-radiated (inlet) noise and
downstream-radiated (exhaust) noise are computed by the code.

Noise computations in the BBN/V072 code are done via a two-step process.
First, the unsteady surface pressure distribution induced on the vanes by the rotor
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wake upwash is determined. Then, the duct noise levels resulting from the unsteady
pressure distribution are calculated. Following the standard practice, noise results
are expressed in terms of the fan blade passing frequency (BPF) tones. The code
provides a mode-by-mode description of the inlet and exhaust noise for each tone.
The mode results include cutoff ratio, sound pressure level (SPL), phase and
acoustic power level.

The analysis outlined below highlights the salient features of the theoretical
model in the BBN/V072 code. Details of the full derivation (in somewhat different
form and notation) can be found in reference [14]. The equation governing the
propagation of harmonic acoustic pressure field p(x; w) inside a duct, generated by
rotor-stator interaction, is

px: ) = f j ORI 0) A (5 ) ds ) 1)

X = (X, r, 6)3 Xs = (xsa Fs, Qs), (2)

where G is a 3-D frequency domain, moving medium, Green’s function, f the
harmonic surface pressure loading and 7, the unit surface normal. The vector
x denotes an arbitrary field point inside the duct (with its x-component aligned with
the duct axis) and vector x,, designates an arbitrary source location. w, the
harmonic tone frequency, is equal to jx BPF (j=1,2,...). S denotes all solid
surfaces inside the duct (i.e., the interior of the annulus as well as the stator surface).
Given an appropriate choice for G and a known distribution for f, the rotor-stator
noise field can be computed by carrying out the indicated surface integration in
equation (1).

While the choice of the Green’s function is arbitrary, a suitable one can be
computationally advantageous. The usual choice for G (with vanishing normal
derivatives at the duct walls) is given by
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where M, is the mean flow Mach number ¢, the nominal speed of sound of the
medium inside the duct. The mean flow is assumed to be uniform and in the axial
direction. The functions¥,,,,(r, 6) represent normal modes of the duct indexed by m,
the circumferential mode order, and n, the radial mode order. J,, and Y,, are Bessel
functions of the first and second kind respectively. The parameters 7,2 denote
upstream (+) and down stream (—) axial wavenumbers of the acoutic pressure
modes. The eigenvalue «,,, is the root of the transcendental equation

J;n(KmnrH) Yr/n(KmnrH) _
J;n(Kman) Y;n(Kman) B 0’ (6)
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where ry and rp are the duct hub and tip radii respectively. A and B are given by
either one of the following equivalent sets of values:

A= 1’ A - _ YI,WI(Kman),
3o (KpmFe)  OF Jn(Kn 1) (7)

B=_—mtm i) _
Yr,n(KmnrH), B= 1

This choice of the Green’s function reduces the integration domain in equation (1)
to a subset of S that is the vane surface.

The harmonic surface pressure distribution f (at frequency w) depends on the
stator upwash (i.e., the rotor wake component normal to the vane surface). In this
study the rotor wakes are modelled as frozen gusts that are convected by the mean
flow. Unlike the acoustic part of the analysis, however, the mean flow (now taken to
be along the chord) is assumed to be a function of the radius. The stator geometry is
also simplified by assuming that vanes are infinitesimally thin twisted flat plates.
With these assumptions, the chordwise distribution of the unsteady loading at each
radius is related to the vane upwash velocity at that radius through the integral
equation

wEir) = [ K -GS Einde, ®
where w is the upwash velocity on the vane surface, K. the vane cascade kernel
function (representing the cascade effect) and & the chordwise co-ordinate. Note
that the integral equation depends only parametrically on the radial co-ordinate.
The principal implication of equation (8) is that the surface loading distribution is
thought of as a spanwise aggregate of 2-D chordwise distributions. This is the
so-called strip approximation. With this description of f, equation (1) allows for
coupling between a spanwise array of 2-D unsteady surface pressure fields and
a 3-D duct acoustic field.

Returning to the analysis, a solution of equation (8) can be found if the upwash is
known. Without loss of generality, the harmonic content of w (at each frequency)
can be represented by

W(és, rs) = Aw(rs)eik(mgs: (9)

where 4,, is the gust harmonic amplitude and k its chordwise wavenumber which is
the vector sum of the axial and tangential wavenumbers of the gust. It should be
emphasized that all the variables in equations (8) and (9) represent the individual
frequency content (i.e., the Fourier harmonics) of the corresponding variables in the
time domain. Description of the upwash gust parameters is usually developed from
empirical models of rotor steady aerodynamics or from flow measurements. More
on this subject will be said later in the paper.

Since equation (8) is linear in w, it can be solved subject to a unit upwash gust.
Denoting the resulting unsteady loading response as f, equation (1) can be rewritten as

p(x) = f T j VG - iy Ay (1) F (G52 1)) G, drs, (10)
ry o chord
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where @(&; rg) = k& is the phase of the upwash. The integration over the vane
surface is now explicitly stated in terms of the chordwise co-ordinate £, and the
radial co-ordinate r;,. Again for notational simplicity, the dependence of the
acoustic pressure on frequency has been omitted.

Once the acoustic pressure is computed, the time-averaged acoustic power
P generated inside the duct due to the rotor-stator interaction can be calculated.
The expression for acoustic power, appropriate for a uniformly moving medium, is
given by

P j [(1 - M2y pury + o oy 4 pocoM<uxu:*:>}dA, (11)
Ap PoCo

where u, is the axial component of the acoustic particle velocity, p, the medium
nominal density and Ap the cross-sectional area of the duct. The symbol <)
denotes time averaging over one period 2m/w. Once the acoustic pressure p is
known, u, can be calculated via the momentum equation. Equations (10) and (11)
are the principal formulae used in the BBN/V072 code for computing the tone
levels generated by rotor-stator interaction.

Returning to equation (10), note the importance of the upwash phase @ in that
equation. The indicated radial integration is strongly influenced by the radial
variations in @. If the phase varies significantly along the span (recall that k is
a function of the radius), the integrand will oscillate rapidly as a function of r,. This
will cause strong cancellation between contributions from different parts of the
span resulting in reduced acoustic pressure levels. Normally, the phase does not
vary greatly and little cancellation occurs. However, the introduction of sweep and
lean can enhance the phase variation and provide large noise reductions. The
reduction can be tied directly to the vane sweep and lean as follows.

Recall the definitions of sweep and lean given in Figure 1. With these definitions,
we can easily relate position of the swept and leaned vane to that of the radial vane.
Expressing the relationship in terms of the chordwise co-ordinate yields

& =& — (dxcos @ + ryA0gsin @), (12)

where & and &; denote the chordwise co-ordinate of the radial vane and swept and
leaned vane respectively. The A’s represent the displacements between
corresponding points on the radial and swept and leaned vanes while ¢ denotes the
cascade stagger angle at the current radius. Ax is the axial distance change caused
by sweep and r 46, the tangential (i.e., circumferential) distance change associated
with lean. Note that both are functions of the radius as is the stagger angle. Using
these displacement definitions, the upwash on the swept and leaned vane can be
related to that for the radial vane through,

W(E 1) = W(Ey; r)g(Ax)e Tk e rghnatising, (13)

where the factor g(4x) denotes the change in the amplitude of the baseline upwash
caused by the introduction of vane sweep. This factor is needed to account for the
decay of the wakes because of the increase in the rotor—stator axial spacing due to
sweep. The two exponential factors represent the phase shifts introduced by vane



ROTOR-STATOR NOISE 799

sweep and lean respectively. Owing to the linearity of equation (8), the loading due
to the modified vane is also related to the loading for the radial vane via the same
relationship as given by equation (13). Therefore, the duct acoustic pressure field for
the swept and leaned vane is given by

p(x) = JH J VG- A, (r)w(rs) f(Es; 1)@l
chord

% )’q(Ax)e—ikAx cos (pe—ikrAAGA.sinq) dfs drs’ (14)
¢

where the dependence of the various parameters on the radius is omitted for the
sake of notational brevity. If sweep and lean are chosen properly, the phase terms
inside the curly bracket will vary significantly as a function of the radial co-ordinate
resulting in appreciable cancellations in the integral. This, in turn, will result in
reduced tone levels compared with the baseline (radial) case. It should be
emphasized that this cancellation effect is in addition to the reduction in the
upwash amplitude denoted by ¢(4x). Consider the situation when the radial stator
is moved a distance 4x downstream of its nominal location. For this configuration,
the corresponding versions of the factors g(4x) and exp(— ik4x cos ¢) will provide
some reduction in the level of the tone, but the noise benefit will be smaller than
that due to sweep and lean. This is partly because the lean effect, i.e., the factor
exp(— ikr40,sin @), will not be present for the aft-located radial stator, but also
because the phasing effect due to sweep is somewhat more subtle. We shall return to
this point later in section 2.3.

Returning to the description of the code, the input needed to run it includes
geometric (blade and vane definitions) and fan stage steady aerodynamic
performance information. An important element of the aerodynamic input
information is the definition of viscous wakes of the rotor at the stator leading edge
from which upwash on the vanes is determined. Wake definition in BBN/VO072 is
based on a set of empirical correlations that are essentially two-dimensional in
nature. The correlations have an explicit dependence on the axial and tangential
co-ordinates, but depend only parametrically on the radial co-ordinate. Therefore,
they do not fully account for the complex nature of the flow downstream of the fan.
This restriction can be avoided if wake data are used to determine the upwash.
However, such a description can only be utilized if the following two requirements
are met. The first is that data must be taken at the fan operating condition being
considered or over a range that brackets the condition of interest. Wake data from
operating conditions that are significantly different from the condition of interest
cannot be used for noise predictions. The second requirement is that the wake
measurement station be at or near the stator leading edge. The complicated nature
of the flow behind the fan prohibits extrapolation of wake description from the
axial station where measurements are taken to another axial location. In the
present study, wake correlations were used since wake data were unavailable.

2.1.2. Fan wake description

Wake specification in the BBN/V072 code begins in the rotating (i.e., relative)
reference frame. Here, for the sake of developing a mathematically tractable
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representation, any radial flow that might occur is neglected. Furthermore, the flow
is envisaged as a small-deficit wake profile superimposed on a parallel and locally
uniform stream at each radius. Within this framework, the tangential position of
the wake centerline at each radius accounts for any wake sheet tilting that might
occur due to swirl. In BBN/V072, the tangential position of the wake centerline (at
each radius) is determined by the relative flow angle and rotor-stator axial spacing,
both of which are specified as input to the code. The change in the relative flow
angle from hub to tip, therefore, represents the tilting of the wake sheet. The
introduction of vane sweep and lean can enhance or diminish the wake tilting as
seen by the OGYV.

As was mentioned earlier, the wake profiles used in the BBN/V072 code are
developed from empirical correlations. There are currently two correlation-based
wake models in the code that can be used to supply wake centerline velocity deficit
and half-width information. The user can choose between the correlations
developed by Philbrick and Topol [15] or those developed by Majjigi and Gliebe
[16].

Aside from the wake centerline velocity deficit and half-width, it is also necessary
to choose a shape for the rotor wakes. The available choices in the code are
a hyperbolic secant profile, a Gaussian profile and a loaded-rotor wake profile. In
principle, any combination of the correlation parameters and shapes can be used to
provide a complete description of wakes. In practice, however, only certain
combinations produce reasonable predictions. For this study, the correlations
defined in reference [15] along with the loaded-rotor wake profile were used. The
chosen wake characteristics are plotted in non-dimensional form in Figure 2. The
decision to use this particular combination was based on experience with similar
fan stages.

Once rotor wake characteristics are specified, the resulting description is
transformed to the stationary (i.e. absolute) reference frame for computing the
upwash on the vanes. The upwash is then Fourier decomposed and substituted into
equation (9) to start the procedure for computing the cascade unsteady pressure
distribution. The resulting information is then utilized by the BBN/V072 code
(equations (10) and (11) to determine the acoustic pressure and power levels for
each of the propagating duct modes.

2.2. DESIGN METHODOLOGY

2.2.1. Procedure

In this section, we outline the design methodology that was used to identify the
optimum vane sweep and lean combination. The fan stage considered for this study
has 18 blades and 42 radial vanes with a design tip speed of 1000 fps. The fan tip
radiusis 11 in with a hub-to-tip radius ratio of 0-3.The hub-to-tip radius ratio of the
stator is 0-5. The calculations were performed for takeoff (84% of the design tip
speed), cutback (70% of the design tip speed) and approach (50% of the design tip
speed) which are the speeds relevant to the standard noise certification procedures.
Both upstream- and downstream-radiated noise contributions were considered.
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Figure 2. Rotor wake characteristics of the loaded wake model used in this study: (a) wake
centreline velocity deficit, (b) wake half-width and (c) wake profile.

Pressure and power levels for all propagating modes contained within the 2BPF
through 5SBPF tones were computed for various combinations of sweep and lean
angles. The BPF tone is cut-off for this fan stage as dictated by the Tyler—Sofrin
criterion [17]. Since, on a mode-by-mode basis, the amount of information
produced is enormous, it was decided that a global noise metric would be more
useful in judging the benefits of sweep and lean. The metric chosen is the change in
the computed tone power level from that for the radial stator. With this definition
of the metric, a negative change (i.e., reduction) means acoustic benefit. The
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selection process involves a case-by-case examination of a comprehensive matrix of
practical sweep and lean combinations. The acoustic performance of each potential
configuration is gauged by examining its calculated metric for the selected BPF
harmonic at takeoff, cutback and approach. The optimum stator design is one that
provides maximum overall tone noise reductions for all three operating conditions
considered in this study.

We begin by defining sweep and lean via the two angles shown in Figure 1. Sweep
parameter o is defined as the angle, in the meridional plane projection, between the
leading edge lines of the radial and swept vanes. Positive sweep is defined as that for
which vane tip is downstream of its root. Lean parameter f is defined as the angle,
in the axial plane projection, between the leading edge lines of the radial and leaned
vanes. Positive lean is defined in the direction opposite to rotor rotation. The
matrix of the cases used for this study has sweep and lean angles ranging from — 30
to 30° in increments of 5°.

2.2.2. Results

In Figures 3-8, the change in acoustic power (i.e., P(a, f) — P(0, 0)) as a function
of the sweep angle is shown for a range of lean angles. In each figure, the results for
the 2BPF through 5BPF tones (subfigures (a)—(d)) are identified by open symbols.
For the purposes of comparison, the reductions that are realized solely due to an
equivalent axial spacing increase for the radial stator are also plotted (the isolated
solid circle). The equivalent axial spacing for this aft-position radial stator, is the
axial spacing between the rotor and the tip of the 30° swept stator. This was done to
separate the noise reduction caused by the sweep-induced phase cancellation from
the noise reduction caused by the increased axial spacing for the swept and leaned
stators.

Figures 3 and 4 show the upstream and downstream results for the takeoff
condition. Similarly, Figures 5 and 6 correspond to the cutback condition and
Figures 7 and 8 to the approach condition. For the sake of clarity, the levels
corresponding to only five lean angles (i.e., —30, —15, 0, 15 and 30°) are plotted.
The trends for the intermediate lean angles closely follow those presented here. The
results summarized in these figures show that sweep and lean have a significant
impact on the predicted tone levels. Furthermore, it is clear that the operating
condition, tone harmonic order and direction of noise propagation influence the
effectiveness of sweep and lean. Finally, the results also show that the reductions for
the aft-position radial stator are always less than the reductions for the swept and
leaned stators with 30° of sweep and even modest negative leans (i.e., lean in the
direction of fan rotation).

Upon a closer examination of the results in Figures 3-8, the following
conclusions can be drawn. Positive sweep angles (i.c., aft sweep) always reduce the
tone levels while negative sweep angles increase them. The influence of lean, on the
other hand, is more subtle. In most cases, for a given (positive) sweep, negative lean
angles enhance the benefits of sweep by causing additional noise reductions. In
contrast, positive lean angles tend to diminish, or even offset, the benefits of sweep
(see Figure 4(d), for example). Finally, a comparison of the tone reductions for the
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Figure 3. Influence of vane sweep and lean on the predicted rotor-stator interaction tone noise.
Upstream tone power at takeoff condition: (a) 2BPF, (b) 3BPF (c) 4BPF and (d) 5BPF levels; O, — 30°
lean; [0, —15° lean; <, 0° lean; <, 15° lean; ¥/, 30° lean; @, radial stator in the aft position.

30° swept stator (denoted by <) and the radial stator in the aft position (denoted by
@) reveals that, with few exceptions, the sweep alone produces more reductions
than mere axial spacing increase. (Recall the discussion following equation (14)).

2.3. NOISE REDUCTION MECHANISM

As was stated earlier, the predicted behavior with sweep and lean can be
explained in terms of their influence on the harmonic phase of the upwash along the
vane span. Recall that, according to equation (14), the strength of the noise source is
strongly influenced by the spanwise phase of the upwash. Significant upwash
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Figure 4. Influence of vane sweep and lean on the predicted rotor-stator interaction tone noise.
Downstream tone power at takeoff condition: (a) 2BPF, (b) 3BPF (¢) 4BPF and (d) SBPF levels; O,
—30° lean; [0, —15° lean; <, 0° lean; <], 15° lean; Y/, 30° lean; @, radial stator in the aft position.

spanwise phase variation causes noise cancellation between contributions from
different locations along the vane span resulting in weaker interaction tones. For
the most part, variation in the spanwise phase of the upwash is controlled by the
number of individual rotor wakes that intersect a given vane. This number is
determined, primarily, by the kinematics of the rotor wakes in relation to the stator
vanes. Swirl variation from hub to tip introduces a tangential shift between the
circumferential positions of the wakes along the span. The shift increases with
downstream distance causing the wake sheet of a single rotor blade to intersect
more than one stator vane at the time. Stated in equivalent terms, wake sheets from
more than one rotor blade intersect a single vane. A schematic description of this
effect is depicted in Figure 9.
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Figure 5. Influence of vane sweep and lean on the predicted rotor-stator interaction tone noise.
Upstream tone power at cutback condition: (a) 2BPF, (b) 3BPF (c) 4BPF and (d) SBPF levels; O,
—30° lean; [0, —15° lean; <, 0° lean; <], 15° lean; Y/, 30° lean; @, radial stator in the aft position.

For a typical fan stage, there usually occur a few intersections per vane. However,
for a fixed number of blades and vanes, the introduction of vane sweep and/or lean,
changes the number of intersections per vane. The change occurs because sweep
and lean alter the kinematic relationship between the wakes and vanes. Figure 10
shows the crucial influence of sweep and lean in determining the number of
intersections for three choices of sweep and lean. View is looking downstream along
the fan axis. Sketch (a) in this figure depicts the baseline kinematic picture for
a radial stator. Sketches (b) and (c) show the change in the relative kinematics for
a “beneficial” combination of sweep and lean and a “detrimental” one respectively.
A correct choice of sweep and lean (b) results in additional intersections compared
with the radial case, while an incorrect choice (¢) reduces the number of
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Figure 6. Influence of vane sweep and lean on the predicted rotor-stator interaction tone noise.
Downstream tone power at cutback condition: (a) 2BPF, (b) 3BPF (c) 4BPF and (d) 5BPF levels; O,
—30° lean; [0, —15° lean; <, 0° lean; <], 15° lean; Y/, 30° lean; @, radial stator in the aft position.

intersections. A beneficial combination increases the streamwise distance between
the rotor and the stator allowing more wake tilting to occur. Conversely, an
incorrect choice reduces the rotor-stator distance resulting in less tilting before the
wake impingement. Therefore, the most important conclusion to be drawn from
Figure 10 is that a correct combination of sweep and lean is crucial if maximum
noise benefits are to be realized. In fact, an incorrect combination can increase the
noise levels. Consider, for example, the predicted noise level changes in the inlet at
2BPF for the takeoff condition (Figure 3(a)). For this condition, compare the
beneficial combination of sweep and lean (¢ = 30°, f = — 30°) for which noise is
reduced and the detrimental combination (x = — 30°, f = 30°) for which noise is
increased.
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Figure 7. Influence of vane sweep and lean on the predicted rotor-stator interaction tone noise.
Upstream tone power at approach condition: (a) 2BPF, (b) 3BPF (c) 4BPF and (d) SBPF levels; O,
—30° lean; [0, —15° lean; <, 0° lean; <], 15° lean; Y/, 30° lean; @, radial stator in the aft position.

In Figure 11, plots of the spanwise harmonic phase variation of the upwash for
these three sweep and lean configurations are shown. Note that, compared with the
radial stator, the beneficial configuration (b) has significantly more spanwise phase
variation than the detrimental one (c). In fact, the latter has less variation compared
with the radial stator (a). It is instructive to compare these phase plots with the
kinematic description shown in Figure 10. Compared with the radial stator, the

combination (x = 30°, f = — 30°) allows for more wake-vane intersections and,
therefore, more spanwise phase variation. Conversely, for the combination
(« = — 30°, p = 30°) fewer intersections lead to less phase variation.

Now let us examine the impact of the upwash phase variation on the predicted
vane unsteady surface pressure distribution. In Figure 12, phase contours of the
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Figure 8. Influence of vane sweep and lean on the predicted rotor-stator interaction tone noise.
Downstream tone power at approach condition: (a) 2BPF, (b) 3BPF (c) 4BPF and (d) 5BPF levels; O,
—30° lean; [0, —15° lean; <, 0° lean; <], 15° lean; Y/, 30° lean; @, radial stator in the aft position.

unsteady surface pressure corresponding to the three sweep and lean combinations
of Figure 11 are shown. Compared with the radial stator (a), the correct choice of
sweep and lean (b) produces significantly more variation in the phase of surface
pressure. In contrast, the incorrect choice (c) actually reduces the phase variation.
Recall that, the tone level is related to the surface integral of the vane unsteady
pressure (see equation (10)). Therefore, the more phase variation there is in the
unsteady pressure, the more cancellations will occur in the integral resulting in

a weaker tone as seen in Figure 3 for the combination (z = 30°, § = — 30°). On the
other hand, if there is less phase variation, there will be less cancellation leading to
higher tone levels as seen for the combination (« = — 30°, § = 30°).

The results shown in Figures 10-12 corroborate the argument regarding the role
of sweep and lean in changing the tilt of the rotor wakes relative to the stator vanes.
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Figure 9. Schematic depiction of the kinematic relationship between rotor wakes and stator vanes.
Wake tilting is caused by swirl variation from hub to tip. Situation for a radial stator is shown.

They also clearly demonstrate the importance of the proper choice of sweep and
lean combination. Of course, as was stated earlier, the realized sweep and/or lean
benefits vary with fan tip speed and tone harmonic order. In general, the predicted
noise reductions tend to be more significant at higher tip speeds and for higher tone
harmonics. Both of these observations are consistent with the kinematic argument.
The tip speed trend is justifiable because over the same streamwise distance the
higher fan tip speed at takeoff produces more wake tilting than does the lower tip
speed at approach. Similarly, the benefits are larger for higher tone harmonics,
because upwash harmonic phase variation is directly proportional to the harmonic
order. So, for example, if there are three sign changes in the spanwise phase of the
upwash at 2BPF there will be twice as many at 4BPF and so on.

2.4. SELECTED OGV DESIGN

The theoretical results presented above indicate that, to reduce rotor-stator
interaction tone noise, stator vanes should have aft sweep and should be leaned in
the direction of fan rotation. Furthermore, they also suggest that there are more
acoustic benefits for larger sweep and lean angles. Therefore, it was decided to
implement the largest sweep and lean angles that were structurally and
aerodynamically feasible. These requirements resulted in a swept and leaned vane
design having 30° of aft sweep (i.e., « = 30°) and 30° of lean in the direction of fan
rotation (i.e., § = — 30°). To separate the benefits of sweep and lean, a swept-only
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@ (b)

S

Figure 10. Wake centerline traces (dashed lines) at the stator LE (solid lines): (a) radial stator,
oa=0°% f=0% (b) a beneficial combination of vane sweep and lean a =30°, = —30% (¢
a detrimental combination « = — 30°, f = 30°. Fan rotates clockwise (view looking aft along the fan
axis). One-quarter of annulus is shown.

stator (i.e., « = 30° f =0°) was also built. Recall that the aft-position radial
stator is louder (i.e.,, produces less noise reductions) compared with this
combination of stator sweep and lean at any speed. To verify the validity of this
prediction, the radial stator was also tested in aft position. Photographs of the fan
stage assembly with the swept-only and swept and leaned stators are shown in
Figure 13.

The Allison Engine Company, under contract to NASA Glenn Research Center,
built the fan stage and all of the tested stator configurations [18]. The selected
stators were tested in the NASA Glenn 9" x 15" Acoustic Wind Tunnel where
detailed farfield noise measurements were obtained at several fan operating
conditions including those reported in this paper. A detailed description of the
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Figure 11. Spanwise phase of the 2BPF harmonic component of the upwash at the takeoff
condition: (a) radial stator, (b) a beneficial combination of vane sweep and lean and (c) a detrimental
combination; o and f§ as in Figure 10.

experimental set-up, the noise measurement technique and the measured sideline
directivities are presented in reference [ 11]. The test data unequivocally show that,
compared to the radial OGYV, the swept and leaned OGYV is quieter at all tested
conditions. The swept-only stator also shows sizeable acoustic benefits. Later in
this paper, detailed comparisons between the measured and predicted sideline
directivities of the radial, swept-only and swept and leaned stators will be
presented.
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Figure 12. Theoretically predicted phase contours of vane unsteady surface pressure: (a) radial
stator, (b) a beneficial combination of vane sweep and lean and (c) a detrimental combination « and
p as in Figure 10. Vane planform is mapped to a rectangle to facilitate comparisons.

3. ANALYSIS OF THE SWEPT AND LEANED STATOR

3.1. ANALYSIS TOOLS

The predicted sideline directivities are calculated using the Eversman radiation
codes designed to predict the farfield tone noise radiation from inlet and exhaust
sections of a fan bypass duct [19, 20]. As shown in Figure 14, the inlet and exhaust
codes compute the radiation fields in the forward and aft arcs respectively. In each
case, the arc covers a region extending from the fan axis to a location well past the
90° position. In the overlap region, the linear nature of the wave equation permits
the addition of the two solutions (with the phase taken into account) to obtain the
complete sideline directivity.

Both of these codes are based on a frequency-domain, finite element formulation
of the problem of acoustic radiation from termination of an axisymmetric duct.
They solve for the acoustic field (both inside and outside of the duct) once the
internal geometry of the duct and the in-duct pressure levels are specified. The
specification of the internal acoustic field is in terms of amplitudes of the cut-on
duct modes at the internal boundary of the computational domain. The mode input
can be supplied from in-duct measurements or from predictions (from the
BBN/V072 code, for example). The duct internal and external flowfields are
assumed to be irrotational and are calculated as part of the solution. The
computational domain for each code is the region that starts at the input plane
inside the duct and extends outside of the duct between the fan axis and a suitably
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Figure 13. Photographs of the partially assembled fan stages: (a) is the side view of the swept stator;
(b) and (c) are different views of the swept and leaned stator.

chosen “baffle” (see Figure 14). Care is taken to keep the baffle position far away
from the source region so that its influence on the solution is negligible [21]. Both
lined (i.e., absorbent) and unlined (i.e., hard) boundary conditions can be specified
on the duct walls. On the farfield boundaries (i.c., arcs) and on the bafile,
a Sommerfeld radiation condition is specified.

For the exhaust problem, the presence of the jet shear layer requires
implementation of additional constraints in the calculations. For the mean flow,
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Figure 14. Computational domains for inlet and exhaust radiation computations.

since the dynamics of the shear layer is highly complicated, a simplified condition is
used. The shear layer is modelled as though the bypass duct extends some distance
downstream of the exist plane. Therefore, in the extended region, the flow is
composed of two parts, an inner flow and an outer flow, and the velocity potential
is discontinuous across the layer separating them. But, beyond this extended
region, the velocity potential is assumed to be continuous and the internal
and external flows are permitted to mix on a potential flow basis. The extent
of the “fictitious duct” is chosen so as to provide realistic acoustic wave diffraction
effects across the shear layer while at the same time minimizing the influence
of the artificial mixing on the acoustic field (see reference [20]). This treatment of
the shear layer is found to work reasonably well for the moderate flow Mach
numbers considered in this paper. For the acoustic calculations, the presence of the
shear layer necessitates the specification of two continuity conditions along the
interface. These are the continuity of acoustic pressure across the shear layer and
the continuity of displacement of the interface itself. The latter is a kinematic
condition arising from the assumption that the interface acts as an impermeable
membrane across which acoustic perturbations are transmitted by virtue of its
motion.

The geometry and the steady flow field are assumed to be axially symmetric and
the mean flow is taken to be inviscid and irrotational. The acoustic field equations
are obtained by considering small perturbations superimposed on the mean flow.
The noise source is decomposed into its circumferential modal content allowing for
a two-dimensional representation of the acoustic field in an (x, r) plane through the
axis of symmetry. Acoustic perturbations are represented as harmonic disturbances
and are Fourier decomposed in the circumferential co-ordinate. After some
manipulations of the governing equations in linearized form, the formulation
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leads to

MV{VW'(“’W’ T PVho) —inWpjdV = JL W (poV + pVio)- i, dS, (15)

where ¢ is the acoustic velocity potential, p the acoustic density, V the
computational volume and S all solid surfaces. The corresponding mean flow
quantities are identified by the subscript “0”. It should be noted that, here, the mean
flow quantities are not uniform but depend on the axial and radial co-ordinates.
The non-dimensional frequency is defined as n = wR/c, where o is the
dimensional source frequency, R is a reference length (generally, taken to be the
duct radius at the source plane) and ¢, the farfield (ambient) speed of sound. The
acoustic velocity potential is non-dimensionalized by the quantity ¢, R and the
acoustic pressure by p,, ¢ where p,, is the density in the far field. Time is scaled by
R/c,, and M, denotes the Mach number in the far field representing the forward
flight effect.

The weighting functions are taken as W(x, r, 0) = W(x, r)ei™. Circumferential
modes, denoted by €™, represent the decomposition of the solution in 0 via
a Fourier series where m is the circumferential mode number. The unit normal 7, is
out of the domain at the surface being considered. The linearized momentum
equation

p=—(po/ct)(ing + Voo V) (16)

is used for substituting for p in equation (15). The linearized equation of state is
p = pcé. The weighted residual formulation for the steady flow is

jfL VW - (poVipo)dV = jL W (po Vo) Ay dS, (17)

where 7 is the ratio of specific heats. The steady flow momentum is written in terms
of steady flow density via

(y — 1) 1e=1)
poz[l -2 <V¢0-V¢0—M;)} . (18)

The acoustic pressure is the physical quantity that is measured for comparison
between the theory and experiment. The pressure is specified at the input plane
using the modal decomposition

pmn(r) = Amn[Jm(Kmnr) + an Ym(Kmnr)]a (19)
where x,,, is the eigenvalue of the duct corresponding to the mode indexed by (m, n)
and Q,., = — Jn(Kpu?5)/ Y m(Kma?). Both of these parameters are functions of the

hub-to-tip radius ratio. The radial co-ordinate r is normalized by the source plane
radius R. The acoustic pressure is related to the acoustic velocity potential via the
momentum equation

Pmn = — 1,00(’7 - yan)d): (20)

where U is the mass-averaged axial velocity at the source plane.
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Recent applications of this type of an approach to the prediction of farfield fan
noise may be found in references [22-25]. In the present work, using mode
predictions from the BBN/V072 code as input for the radiation codes, sideline
directivities were computed for four stator configurations of interest. Recall
that, these include the radial stator in its nominal forward position, radial stator in
the aft position, swept-only stator and swept and leaned stator. The computed
results were then compared with the corresponding measured data. The
comparisons were carried out for the 2BPF tone at the approach, cutback and
takeoff conditions and for the 3BPF tone at the approach condition only. The
sideline, where noise data were taken, is 88 in away from the fan axis. The tunnel
Mach number is 0.1 chosen to guarantee that the background tunnel noise level
was well below the noise from the fan model [26]. It should be emphasized that all
of the theoretical results will be shown without any adjustments or shifts in their
levels.

3.2. SIDELINE DIRECTIVITIES (2BPF RESULTS)

3.2.1. Radial stator

We begin the data-theory comparisons with the radial stator in the forward
position whose results are shown in Figure 15. The figure shows plots of 2BPF tone
SPL as a function of the emission angle for each speed considered in this report.
The symbols represent the measurements and the solid curves the predictions. The
thin line connecting the data points is drawn to aid in discerning the pattern of the
measured directivities. To help analyze the trends, the measured broadband noise
level at 2BPF is also shown (dashed line). The SPL range for each graph is chosen
to provide the best overall representation of the results but the increment is kept the
same for all graphs to allow for easy comparisons.

The radial OGYV results show that there is generally a good agreement between
the predicted and measured directivities for the approach and cutback conditions,
but that the agreement is only marginal for the takeoff condition. In particular, at
approach the predicted peak SPL and peak radiation angles for both inlet and
exhaust are well predicted. In fact, over the entire range of emission angles, the
predicted directivity is close to the measured one. On the other hand, the
data-theory agreement for takeoff is rather poor. For this speed, there are
significant overpredictions in both the inlet and exhaust portions of the directivity.
For the cutback condition, there is fair agreement in the inlet but significant
overprediction in the exhaust. It should be noted that where the measured tone is
very close to the broadband level, the tone level could not be reliably measured.
Similarly, the sharp dips in the predicted directivities are somewhat unrealistic and
should be “clipped” at the broadband level. It is these clipped predictions that
should be compared with the measured tone levels. With that in mind, the
data-theory comparisons are improved, particularly, for the approach condition.
Overall, given the simplifications made in modelling the noise source and, to
a lesser extent, those employed in the radiation predictions, the overall data-theory
agreement is very encouraging.
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Figure 15. Comparison of measured (symbols) and predicted (solid line) 2BPF tone farfield
directivities for the nominal radial stator. Measured broadband noise level (dashed line) at
2BPF tone is also shown. (a) Shows the takeoff levels, (b) the cutback levels and (c) the approach
levels.

3.2.2. Swept-only stator

The results for the swept-only stator are summarized in Figure 16. For this
configuration, the absolute 2BPF levels are significantly lower than those for the
radial stator and so they are closer to the broadband noise levels. Overall, the
data-theory agreement is remarkably good. Here the trends, as well as the levels,
are well predicted for all three speeds. There are, nonetheless, local discrepancies
especially for the cutback and takeoff conditions for which the theory overpredicts
the measured exhaust SPL at large emission angles. Note that, both the measured
and predicted levels for the swept-only stator show sizable reductions compared to
the levels for the radial stator levels as discussed below.

Predicted and measured 2BPF tone reductions due to sweep (i.e., swept-only
OGYV levels minus radial OGYV levels) are shown in Figure 17. Note that with this
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Figure 16. Comparison of measured (symbols) and predicted (solid line) 2BPF tone farfield
directivities for the swept-only stator. Measured broadband noise level (dashed line) at 2BPF tone is
also shown. (a) Shows the takeoff levels, (b) the cutback levels and (c) the approach levels.

definition, the 0-dB line represents the level for the radial stator. The symbols
now indicate the measured tone reductions and the solid lines represent
broadband-corrected predictions calculated using the clipped predictions that were
discussed earlier. The measured benefits, while not uniform, are generally centered
on the 5-dB level for the approach condition, around the 7-5-dB level for the
cutback condition and around the 10-dB level for the takeoff condition. As for
the predictions, at approach and cutback, the bulk of the noise reductions fall in the
5-10-dB range. For takeoff, the predicted reductions are somewhat larger and more
erratic. This is, of course, the result of the fact that the predicted radial stator levels
do not agree well with the data even though the levels for the swept-only stator do.
Nevertheless, the general trend of reductions with the fan tip speed is reasonably
well predicted in the sense that the reductions are higher at takeoff compared to
those for approach and cutback.
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Figure 17. Comparison of measured (symbols) and broadband-corrected predicted (solid line)
2BPF tone reductions in the far field due to sweep. Radial stator level is the baseline (i.e., 0 dB).
(a) Shows the takeoff levels, (b) the cutback levels and (c) the approach levels.

3.2.3. Swept and leaned stator

Next, the comparisons for the swept and leaned stator (i.e., o« = 30°, § = — 30°)
are shown in Figure 18. Note that for this configuration, the absolute levels for the
2BPF tone are essentially at the broadband level. This suggests that the sharp
oscillations in the predicted levels should be ignored when comparing the
theoretical and experimental results. With that in mind, the general agreement
between the data and theory is very good for this configuration with the predicted
SPL being very close to the measured one for all three speeds.

Figure 19 shows the 2BPF tone SPL reductions when the radial stator levels are
used as the baseline. The broadband-corrected theoretical reductions compare
quite well with the measured reductions for approach and cutback, but the
comparison is poor at takeoff. The agreement for the takeoff condition is poor
because the directivity for the radial stator is not well predicted. The measured
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Figure 18. Comparison of measured (symbols) and predicted (solid line) 2BPF tone farfield
directivities for the swept and leaned stator. Measured broadband noise level (dashed line) at 2BPF
tone is also shown. (a) Shows the takeoff levels, (b) the cutback levels and (c) the approach levels.

reductions are about 5-7 dB for approach and cutback and around 10 dB for
takeoff. The predicted reductions are somewhat higher for all three speeds. The
tone reductions summarized in Figures 17 and 19 clearly demonstrate the success of
sweep and lean in reducing the tone levels and the ability of the theory to capture
the essential features of the reductions.

To assess the benefits of swept and leaned stator versus the swept-only stator, the
2BPF tone SPL difference between the two configurations is plotted in Figure 20.
Note that the 0-dB line now represents the level due to the swept-only stator. The
calculated differences in the measured tone levels are generally centered on the 0-dB
level with noticeable additional benefits only in the exhaust region. This suggests
that the swept and leaned stator is not significantly quieter than the swept-only
stator except in the exhaust. The corresponding predicted differences generally
show quite a good agreement for most of the emission angles at all speed
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conditions. The exceptions are the predicted benefits for the exhaust emission
angles greater than 140° for the cutback and takeoff conditions where the theory
predicts significant additional benefits for the swept and leaned OGV compared
with the swept-only OGV.

3.2.4. Radial stator in aft position

So far, only the comparisons for the radial stator in its nominal (i.e., forward)
position have been presented. Next, we present the results and comparisons for the
radial stator in its aft position. Recall that for this configuration, the radial stator
has the same axial distance from the rotor as the tip of the 30° swept stator. These
results are summarized in Figures 21-23. The convention for legends follows those
established in the previous figures.



822 E. ENVIA AND M. NALLASAMY

SPL reduction, dB

SPL reduction, dB

SPL reduction, dB

_30 PR S U NV IS S S R B
0 20 40 60 80 100 120 140 160 180

Emission angle (for 88—in sideline), deg

Figure 20. Comparison of measured (symbols) and broadband-corrected predicted (solid line)
2BPF tone reductions in the far field due to sweep and lean. Swept-only stator level is the baseline (i.e.,
0 dB). (a) Shows the takeoff levels, (b) the cutback levels and (c) the approach levels.

Figure 21 shows the predicted and measured 2BPF sideline directivities for the
radial stator in the aft position. Overall, the directivities (measured and predicted)
are very similar to those for the baseline radial stator except that the levels are
down by about 5 dB in the data and by around 5-10 dB in the predictions. These
reductions are expected because the incident wakes for the radial stator in the aft
position are weaker (due to viscous decay) than those for the baseline stator. In
addition, there also occurs more wake tilting for the aft-located stator compared to
the nominal stator thus further reducing the tone levels.

A comparison of predicted and measured 2BPF noise reductions for the radial
stator in the aft position compared with the levels for the baseline radial stator are
summarized in Figure 22. In other words, the 0-dB level in this figure corresponds
to the noise levels for the radial stator in its nominal (i.e., forward position). Both
the broadband-corrected predictions and measured data show roughly 5dB
reductions for all sideline angles at the approach condition. However, the theory
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Figure 21. Comparison of measured (symbols) and predicted (solid line) 2BPF tone farfield
directivities for the radial stator in the aft axial position. Measured broadband noise level (dashed line)
at 2BPF tone is also shown. (a) Shows the takeoff levels, (b) the cutback levels and (c) the approach
levels.

predicts somewhat more reductions (around 7 dB) at the cutback condition
compared to the data’s 5 dB. This is most likely due to the overestimation of the
wake viscous decay rate in the theoretical model. Consistent with the earlier results,
the data-theory comparison at the takeoff speed is less than satisfactory, with
theory predicting roughly 10-dB reduction as compared to the measured 5-dB
reductions.

Next, the relative noise benefits of the radial stator in the aft position are
compared with those for the swept and leaned stator. The results are summarized in
Figure 23. In this figure, the 0-dB level is that due to the radial stator in the aft
position and thus reductions here represent additional benefits of sweep and lean
that are beyond the axial spacing effects. Generally, both the theory and the
measurements show additional reduction due to the sweep and lean compared with
the benefits of axial spacing increase. For all three fan speeds, the predicted and
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measured additional benefits compare rather well. At the approach conditions,
both the theory and measurements show that, on the average, there are 2-3 dB of
additional benefits due to sweep and lean. The theoretically predicted additional
benefits are somewhat larger than the measured ones at the cutback condition. The
data show an average of 3 dB of additional benefits, while the theory predicts
4-5 dB. Remarkably, for the takeoff condition, the data-theory comparison is again
quite good showing around 5 dB of additional benefits due to sweep and lean.
Taken together, these results are in accordance with the conclusions of the design
study and clearly show that sweep and lean provide more noise reductions for the
same equivalent axial spacing compared with a radial stator.

A tacit assumption used in computing the farfield directivities presented in this
report is that the rotor transmission losses are negligible. Despite this
approximation, however, the general agreement between the predicted and
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Figure 23. Comparison of measured (symbols) and broadband-corrected predicted (solid line)
additional 2BPF tone reductions in the far field due to sweep and lean. The level for the radial stator
in the aft position is the baseline. (a) Shows the takeoff levels, (b) the cutback levels and (c) the
approach levels.

measured noise reductions is remarkably good. A possible explanation for this
agreement is that the 2BPF tone does not suffer significant transmission loss
through the rotor for this fan. It is also possible that the rotor affects the absolute
levels of the 2BPF tone equally for all three stators, so that it drops out of the
difference calculations. However, given that with the exception of the radial stator
at the takeoff condition the SPL directivities for all other speeds and configurations
are in very good agreement with the data, the first explanation seems more likely.

3.3. SIDELINE DIRECTIVITIES (3BPF RESULTS)

Returning to the data-theory comparisons, we next present the results for the
3BPF tone for which the predictions are restricted to the approach condition only.
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The sideline directivities for cutback and takeoff could not be obtained because the
mesh resolution requirements for the frequencies corresponding to these conditions
are beyond the current capabilities of the two radiation codes. In addition, in the
interest of brevity, the 3BPF tone results for the radial stator in the aft position
have not been included here. These results follow the trends established for the
2BPF results. Note that, the format of the subsequent presentation is slightly
different from the results presented so far.

In Figure 24, measured and predicted 3BPF tone sideline directivities are shown.
From the top, the graphs are for the radial, swept-only and swept and leaned
stators. The symbols indicate the data and the solid lines represent the predictions.
The measured broadband noise level at 3BPF is also shown for each stator (the
dashed line). The results indicate that, while there is a reasonably good agreement
between the data and theory in the inlet region, there are noticeable
underpredictions in the aft region. The magnitude of the underprediction depends
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Figure 24. Comparison of measured (symbols) and predicted (solid line) 3BPF tone far field
directivities for the (a) radial, (b) swept-only and (c) swept and leaned stators at approach condition.
Measured broadband noise level (dashed line) at 3BPF tone is also shown.
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on the stator configuration. For the radial and swept-only stators, the discrepancies
are modest (around 5 dB), but for the swept and leaned case they are as much as
10 dB. However, it should be noted that, except for the radial case, for which there
is noticeable tone protrusion, the levels of measured tone and broadband are
virtually equal for the 3BPF tone. Therefore, a better data-theory comparison is
obtained when the broadband levels are taken into account in assessing the
predicted noise benefits. In that case, the predictions agree rather well with the
measured benefits.

In Figure 25, measured and broadband-corrected predicted SPL reductions due
to sweep-only and sweep and lean are presented. From the top, the graphs show the
noise benefits of a swept-only stator compared with the radial stator (i.e.,
p(30, 0) — p(0, 0)), the benefits of the swept and leaned stator compared with the
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Figure 25. Comparison of measured (symbols) and broadband-corrected predicted (solid line)
3BPF tone reductions in the far field. (a) Shows the sweep-only benefits (i.e., the swept-only stator
levels minus the radial stator levels), p(30, 0) — p(0, 0); (b) shows the sweep and lean benefits (i.e., the
swept and leaned stator levels minus the radial stator levels) p(30, — 30) — p(0, 0); and (c) shows
additional benefits of sweep and lean compared with sweep-only benefits (i.e., the swept and leaned
stator levels minus the sweep-only stator levels), p(30, — 30) — p(30, 0).
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radial stator (i.e., p(30, —30) — p(0, 0)) and the benefits of the swept and leaned
stator compared with the swept-only stator (i.e., p(30, — 30) — p(30, 0)). Overall, the
comparison between the measured reductions (symbols) and the predicted reductions
(solid lines) is quite reasonable. Similar to the 2BPF tone, there are measurable
noise benefits when the OGYV is swept or is swept and leaned in accordance with the
predicted in-duct noise reductions shown in Figures 7(b) and 8(b).

3.4. TONE POWER LEVEL COMPARISONS

Since direct data-theory SPL comparisons for higher tone harmonics (and tip
speeds) could not be made, an indirect method was employed. The procedure
involves comparing the predicted in-duct acoustic power levels with acoustic power
level estimates based on integrating the measured sideline SPL for the higher
speeds and/or tones. The predicted in-duct power levels were calculated using the
BBN/V072 code while the experimental levels were computed by integrating the
1-ft lossless directivities estimated from the measured 88-in sideline SPL. For the
sake of consistency and completeness, these comparisons have been carried out at
all three speeds and for all the harmonic tones between 2BPF and SBPF. Using the
same procedure, the corresponding broadband noise level in the neighborhood of
each tone was also calculated to help with the analysis of the tone data. Only the
results for the baseline radial stator, the swept-only and the swept and leaned stator
have been computed. The results for the radial stator in the aft position do not alter
the main conclusions of this study and, therefore, are not included here.

The absolute tone power levels for the radial stator are shown in Figure 26, those
for the swept-only stator in Figure 27 and those for the swept and leaned stator in
Figure 28 respectively. In these figures, open bars represent measured levels, solid
bars the predicted levels and crosshatched bars the measured broadband levels. The
trends with tone order, fan speed and stator configuration are somewhat mixed, but
the following observations can be made. The theory overpredicts the levels for the
low order tones, especially for the radial stator. The opposite trend is true for the
higher order tones particularly for the swept-only and swept and leaned stators. It
should be noted that, in the underpredicted cases, the theoretical power level is
generally below the measured broadband power level.

In Figures 29-31, the measured reductions (open bars) and broadband-corrected
theoretical reductions (solid bars) in the levels of tone power are shown. In
computing the broadband-corrected theoretical reductions, the predicted levels
themselves were used if they were above the broadband and the broadband levels
were used if the predicted theoretical levels were below the broadband level (see
Figures 26-28). Figure 29 shows the reductions due to swept-only stator (i.e.,
P(30,0) — P(0,0)), Figure 30 the reductions due to swept and leaned stator (i.c.,
P(30, —30) — P(0, 0)) and Figure 31 the reductions due to swept and leaned stator
relative to the swept-only stator (ie., P(30, —30) — P(30, 0)). For nearly all
combinations of tone harmonic, fan tip speed and sweep and lean, the measured
and predicted power level reductions show good agreement. These power level
reductions are consistent with the SPL trends shown in section 3.2.
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Figure 26. Comparison of measured (open bars) and predicted (solid bars) tone power levels for the
nominal radial stator. Broadband power levels (crosshatched bars) in the neighborhood of each tone
are also shown. (a) Shows 2BPF upstream levels, (b) 3BPF upstream levels, (c) 4BPF upstream levels,
(d) SBPF upstream levels, () 2BPF downstream levels, (f) 3BPF downstream levels, (g) 4BPF
downstream levels and (h) SBPF downstream levels.

4. CONCLUSIONS

A comprehensive two-part analytical study of the benefits of vane sweep and lean
for reducing rotor-stator interaction tone noise was presented. The first part
summarized a design study aimed at selecting a vane sweep and lean configuration
that maximizes the predicted noise reductions for a candidate low-noise stator. The
second part focused on a detailed assessment of the acoustic performance of that
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Figure 27. Comparison of measured (open bars) and predicted (solid bars) tone power levels for the
swept-only stator. Broadband power levels (crosshatched bars) in the neighborhood of each tone are
also shown. (a) Shows 2BPF upstream levels, (b) 3BPF upstream levels, (c) 4BPF upstream levels,
(d) SBPF upstream levels, () 2BPF downstream levels, (f) 3BPF downstream levels, (g) 4BPF
downstream levels and (h) SBPF downstream levels.

stator by comparing its predicted noise reductions to its measured benefits and to
the performance of alternative low-noise stators.

The main conclusion of this work is that, the kinematic relationship between the
rotor wakes and stator vanes is the principal factor in determining the achievable
noise reductions due to sweep and lean. In the first part of the study, it was shown
that suitable choices for vane sweep and lean enhance wake tilting as seen by the
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Figure 28. Comparison of measured (open bars) and predicted (solid bars) tone power levels for the
swept and leaned stator. Broadband power levels (crosshatched bars) in the neighborhood of each
tone are also shown. (a) Shows 2BPF upstream levels, (b) 3BPF upstream levels, (c) 4BPF upstream
levels, (d) SBPF upstream levels, (¢) 2BPF downstream levels, (f) 3BPF downstream levels, (g) 4BPF
downstream levels and (h) SBPF downstream levels.

stator, thus increasing the number of wake intersections per vane. An increase in
the number of intersections causes significant additional variations in the spanwise
phase of the incident wake upwash on the vanes. The net result is the reduction of
the tone noise levels for a swept and leaned stator compared with a radial stator.
This argument suggests that to reduce noise, sweep and lean must be chosen in such
a way that the number of wake intersections per vane is increased. Thus, a simple
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Figure 29. Measured (open bars) and broadband-corrected predicted (solid bars) tone power level
reductions for the swept-only stator relative to the radial stator. (a) Shows 2BPF upstream levels, (b)
3BPF downstream levels, (c) 4BPF upstream levels, (d) SBPF upstream levels, (¢) 2BPF downstream
levels, (f) 3BPF downstream levels, (g) 4BPF downstream levels and (h) SBPF downstream levels.

design rule is proposed for implementing sweep and lean in practical fan stages. To
achieve noise reductions, the design rule calls for a sweep configuration for which
vane tip is downstream of its root. In addition, to enhance the benefits of sweep, the
rule calls for vanes that are leaned in the direction of the rotor rotation.

In the second part of the study, the acoustic performance of the swept and leaned
stator was compared with the performance of a baseline radial stator as well as
those of two other low-noise stators. The comparisons were carried out based on



ROTOR-STATOR NOISE 833

Approach Cutback Takeoff Approach Cutback Takeoff
0
/M as]
g : teo | M -
S -5 S -5 -
S e
A & 3 J
I -10 I -10 F -
I
9; —15 I ] %“ -15 : I
= 20 * 20
0 Approach Cutback Takeoff Approach Cutback Takeoff
0
=)
8 L | 8 Lo H B
8 -5 | 4 &8 _5L 4
s g
A I b & F 4
,L -10 - I =10 + -
~ — — - I -
g 15 I g 15T ]
* 20 = 20
Approach Cutback Takeoff Approach Cutback Takeoff
0 0
=)
ARG 1 % lo [. LI ]
8 -5+ 4 &8 _5}+ _
s 7 g
A 7 g I p
,L -10 -1 I -10 -
-~ =15 - | - 4
% 15 I 1 g -15 ]
= 20 = 20
Approach Cutback Takeoff Approach Cutback Takeoff
m O o O
] @ 12 [ |I N [J ]
g -5 4 &8 -5} .
e L e
A, N a, r 4
I -10 - I -10 -
s L i S L
T it 1
=3 —15 [ - =3 -15 + —
* 20 = 20

Figure 30. Measured (open bars) and broadband-corrected predicted (solid bars) tone power level
reductions for the swept and leaned stator relative to the radial stator. (a) Shows 2BPF upstream
levels, (b) 3BPF upstream levels, (c) 4BPF upstream levels, (d) SBPF upstream levels, (¢) 2BPF
downstream levels, (f) 3BPF downstream levels, (g) 4BPF downstream levels and (h) SBPF
downstream levels.

the predicted and measured sideline SPL directivities at 2BPF tone and, where
available, at 3BPF tone. Additional comparisons for 2BPF through 5BPF tones
were also carried out on an acoustic power basis. Overall, the results of these
detailed comparisons bear out the validity of the sweep and lean noise reduction
concept. Indeed, the results show that the swept and leaned stator is not only
significantly quieter than the conventional radial stator, but it is also quieter than
both the swept-only and the radial stator in the aft position. This conclusion holds
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Figure 31. Measured (open bars) and broadband-corrected predicted (solid bars) tone power level
reductions for the swept and leaned stator relative to the swept-only stator. (a) Shows 2BPF upstream
levels, (b) 3BPF upstream levels, (c) 4BPF upstream levels, (d) SBPF upstream levels, (¢) 2BPF
downstream levels, (f) 3BPF downstream levels, (g) 4BPF downstream levels and (h) SBPF
downstream levels.

for all tones and for all three fan speeds considered in this work. Moreover, the
predicted noise reductions in nearly all cases show good agreement, qualitative as
well as quantitative, with the measured reductions when the broadband noise level
is taken into account.

The results from the second part of the study also suggest that the theoretical
models used in this work provide reasonably accurate tools for studying the
aeroacoustics performance of modern fan stages. It should be emphasized that all of
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the theoretical results of this paper were shown without any adjustments or shifts in
their levels and as such, they represent true predictions. While accurate prediction
of the absolute noise levels for all emission angles (at all fan operating conditions
and stator configurations) remains a challenge, the essential features of the farfield
SPL directivity, as well as the trends associated with sweep and lean, are accurately
captured with the theoretical models used in this study. Improvements in noise
source modelling cannot but help enhance the accuracy of these predictions further.
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