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Vane Sweep Effects on Rotor/Stator Interaction Noise

Johan B. H. M. Schulten¤
National Aerospace Laboratory NLR, 8300 AD Emmeloord, The Netherlands

The application of a lifting surface theory to compute the aerodynamic and acoustic response of swept vane

stators to viscous rotor wakes is studied. Starting from the ¯ ow equations for a perturbed, axially subsonic ¯ ow,
expressions are derived for the velocity ® eld induced by a stator. A new representation of Green’s function is used,

which avoids the traditional expansion in duct modes. This representation is more practical for arbitrary vane
shapes than the classical one. The boundary condition at the vane surfaces yields an integral equation for the

unknown pressure jump distribution over the vanes. A Galerkin projection transforms this integral equation into
a set of linear equations that is solved numerically. The new method agrees with the classical method and with

experimental data for zero sweep. Sample calculations show that vane sweep can be exceptionally effective in the
reduction of noise resulting from the interaction of rotor wakes and a stator.

Nomenclature
B = number of blades in row considered (rotor or stator)
Åc( q ) = axial extent of blade chord
D(r) = angular position of zeroth vane; Eq. (10)
g0(r) = vector normal to blade helical surface; Eq. (12)
H (2)

m = second kind Hankel function of order m
h = hub/tip ratio
ix , ir , ih = unit vectors in x , r , and h directions
Jm = Bessel function of the ® rst kind of order m
k = circumferential periodicity of incident velocity
M = axial ¯ ow Mach number
Pm k = blade loading coef® cient; Eq. (16)
p = pressure induced by blade row
Rn = reduced Green’s function; Eq. (5)
r = radial coordinate
t = time coordinate
Um l = radial eigenfunction;Eq. (8)
v = velocity induced by blade row
Wk = incident velocity with circumferential periodicity k
x = axial coordinate along duct axis
a = axial wave number; Eq. (3)
b = p (1 ¡ M2)
c = radial wave number; Eq. (4)
D p = blade pressure jump distribution; Eq. (11)
e m l = radial eigenvalue; Eq. (9)
h = circumferential coordinate
n = axial source coordinate
q = radial source coordinate
s = source time; Eq. (3)
u = circumferential source coordinate, local coordinate;

Eq. (15)
X = tangential tip Mach number

h ¢ i = inner product of three-dimensionalvectors

Subscripts

L = leading edge
T = trailing edge

Superscripts

(a) = anechoic

+ = blade lower side

Received March 25, 1996;presented as Paper 96-1694at the CEAS/AIAA
2nd Aeroacoustics Conference, State College, PA, May 6±8, 1996; accepted
for publicationFeb.20,1997.Copyright c° 1997by JohanB. H. M.Schulten.
Published by the American Institute of Aeronautics and Astronautics, Inc.,
with permission.

¤ Senior Research Engineer, Aeroacoustics Department, P.O. Box 153.
E-mail: schulten@nlr.nl. Senior Member AIAA.

¡ = blade upper side
(Ä ) = in physical domain

Introduction

T HE interaction of fan wakes and stator outlet guide vanes is
the major fan noise mechanism in current high, and future

very high, bypass turbofan engines. To reduce interaction noise,
active means have been investigated extensively in recent years.1

Although some solutions are quite promising, active suppression
almost invariably implies delicate and expensive control systems.

By comparison,passive concepts are relatively simple, and some
of them, such as acoustic duct lining, already have been applied for
a long time. With regard to fan geometry the most famous design
rule is Tyler and Sofrin’s selection criterion2 for blade and vane
numbers,which is used to achieve a cut-off blade passing frequency
in modern fan designs. A large axial gap between fan and outlet
guide vanes is also widely appreciated as an effective method of
passivenoise control.A more sophisticatedpassiveway is to exploit
rotor shielding to re¯ ect most of the upstream propagating sound.3

It is obvious that substantial shielding can only be expected when
rotor and acoustic mode rotate in an opposite way. An accurate
calculationof the magnitudeof this effect requires a method at least
at the level of the lifting surface approximation.4 For the sound
propagating downstream from the outlet guide vanes, the absence
of such shielding is a matter of increasing concern with regard to
the emerging very high bypass fans.

In a more general sense, passive noise control is equivalent to
the design of inherently quiet fans. Therefore, it requires a fairly
complete modeling of the sound generation process. Calculation
is necessary since intuition easily fails, as was shown for leaned
vanes,5 which seem not to provide a viable way to sound reduction
for low circumferentialmode number of the generated sound.

Vane sweep has been recognized as a potential sound reducing
measure for a long time6 and is used in several current fan designs.
An early study relevant to vane sweep was made by Adamcyk,7

who analyzed the interactionof an obliquegust with a semi-in® nite,
swept plate. His analysis showed that the resulting sound is cut-off,
i.e., not radiating, if the phase velocity of the interaction along the
leading edge is subsonic. The latter can be achieved by applying
suf® cient sweep. Adamcyk’s model7 was extended by Envia and
Kerschen8 to include ® nite span and planar cascade effects. These
models are essentiallyhigh-frequencyapproximations,which are of
lasting value because other, more complete methods become com-
putationallyinef® cient or even fail for very high frequencies.For the
calculation of the intermediate-frequencyinteraction sound, lifting
surface methods for ® nite chord blades in annular ducts have been
shown to be very useful.9±13 However, it was not until 1989 that
an unsteady lifting surface method for a rotor with swept blades
was published, by Kodama and Namba.14 They found favorable ef-
fects of blade sweep on the acoustic response to sinusoidal gust
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interaction. However, to reduce interaction noise it is more natural
to look at the stator vanes,which also have less structuralconstraints
than rotor blades.

Lifting surface methods have the outstanding advantage of be-
ing fully consistent with the level of approximation of linear duct
acoustics, still the favoredmodel for high-frequencyacoustic lining
optimization. Also, the physically important ratio of blade row di-
mensions and the acoustic and hydrodynamicwavelengths involved
is conserved in the lifting surface approximation.

Compared to Euler and Navier±Stokes methods, the absence of
numerical dissipation or dispersion in the lifting surface methods,
their exactness, and their, by comparison, short computation times
make them very suitable for optimization of blade and vane ge-
ometries. They also can provide limiting test cases with which to
compare results of numerical methods. A further advantage is that,
by their analytical nature, in general, isolated effects can be traced
more precisely. A drawback may be the mathematical complexity
of the formulationsand, of course, their inherent limitation to small
perturbations.

The basic result of any lifting surface method is the pressure jump
distributionover the blades or vanes. Once the pressure jump distri-
bution is known, it is only a minor effort to compute the steady and
unsteady pressure or velocity ® elds generated by the blade row. In
the present paper a lifting surface method is applied to swept stator
vanes. The method is based on a new representationof the Green’s
function,15 which is basically an extension of the Fourier expan-
sion of the free-spaceGreen’s function for propellers to include the
sound re¯ ections by hub and casing. The method is validated with
experimental results of the National Aerospace Laboratory NLR
(NLR) rotor/stator interaction model16 and with results of the clas-
sical method for unswept vanes. For this con® guration the effects
of a progressivevane sweep angle on the ® rst and second harmonic
of the interaction sound are studied. The numerical accuracy of the
method is checked by varying the number of basis functions that
describe the vane pressure jump distribution. Further, the potential
of vane sweep for a typical high-speed fan geometry is numerically
explored.

Analysis
Governing Equations

A lifting surface modeling of a ¯ ow problem is based on two
assumptions. First, the viscosity of the ¯ ow is considered to be
small, i.e., the Reynolds number is assumed to be suf® ciently high.
Second, the perturbations of the main ¯ ow caused by the presence
of the blades are supposed to be relatively small.

We considera singlebladerowplacedin a uniform,subsonicmain
¯ ow of Mach number M(0 < M < 1). To obtain a nondimensional
formulation, the mass density and speed of sound of the main ¯ ow
and theduct radiusare takenas scalingparameters.With this scaling,
thepressureanddensityperturbationbecometo leadingorder identi-
cal. If the x axis is chosenalong the duct axis, the governing,i.e., the
leading order, ¯ ow equations are the linearized Euler equations for
the (dimensionless) perturbation pressure Äp and velocity Äv:

D Äp
Dt

+ h r ¢ Ävi = 0 (1)

and

D Äv
Dt

+ r Äp = 0 (2)

where the linearizedmaterial derivativeD/ Dt = @/@t + M@/@x . A
tilde indicates that the variable is understood to be in the physical
domain.

As shown previously,17, 18 applicationof generalized functions to
make Eqs. (1) and (2) formally valid throughout space, i.e., also
within the blades, and elimination of the velocity yield a nonhomo-
geneous convected-wave equation in the pressure. The right-hand
side of this equationconsists of two source terms, one of which con-
tains the blade loadingdistributionand the other the blade thickness
distribution. After the construction of a Green’s function for this
equation in terms of a multiple Fourier transform, the pressure ® eld
of the complete blade row can be expressed as an integral over a
volume that contains the blade row. This pressure ® eld contains

both steady and unsteady, acoustic components at multiples, in-
cluding zero, of the blade passing frequency. Upon substitution of
the pressure ® eld, the momentum equation yields expressions for
the velocity induced by blade displacement and the blade loading
velocity.

Green’s Function

In this section we will construct ÄG as the superpositionof Green’s
function in free spaceand cylindricalwaves re¯ ected by the hub and
the casing. This is possible by representing ÄG as a superposition
of circumferential and axial waves in the following multiple wave
spectrum:

ÄG(x , r, h , t j n , q , u , s ) =
1

(2 p )3

1Sn = ¡ 1
exp[in(h ¡ u )]

£ * 1
¡ 1 * 1

¡ 1
expf i [ x (t ¡ s ) + a (x ¡ n )] g Rn( a , r, x j q ) d a d x

(3)

where Rn is a reduced Green’s function, de® ned subsequently. In
this formulationchordwise integralscan be easily taken because the
axial source coordinate n only occurs directly in an exponential.
Now we introduce the radial wave number c , which is related to
the axial wave number a and the Helmholtz number (dimensionless
frequency) x as

c 2
= ( x + M a )2 ¡ a 2 (4)

If the branch cuts of c are taken such that Im c ·0 throughout the
complex a plane, the anechoic, free space reducedGreen’s function
is given by15

R(a)
n = ¡ i ( p /2)[Jn( c r )H (2)

n ( c q )H ( q ¡ r )

+ Jn ( c q )H (2)
n ( c r)H (r ¡ q )] (5)

where H denotestheHeavisideunit step function.In the presentcase
of a cylindrical duct, the hard wall boundary condition @Rn /@r = 0
at the hub (r=h) and at the casing (r=1) is satis® ed by adding the
re¯ ected cylindrical waves. Therefore, we presume

Rn = R(a)
n + AH (2)

n ( c r) + B Jn ( c r ) (6)

Because the added cylindrical waves satisfy the Bessel equation,
they do not affect the right-handside in the equation for the Green’s
function.15 Applicationof the boundaryconditionsat huband casing
determines the coef® cients A and B, and we obtain

Rn = R(a)
n + i

p

2

1

J 0n ( c )H (2) 0
n ( c h) ¡ J 0n( c h)H (2) 0

n ( c )

£ {[J 0
n( c )H (2)

n ( c q ) ¡ H (2) 0
n ( c ) Jn( c q )]J 0

n ( c h)H (2)
n ( c r )

¡ [J 0
n ( c h)H (2)

n ( c q ) ¡ H (2) 0
n ( c h)Jn ( c q )]H (2) 0

n ( c ) Jn( c r)}
(7)

The reason to avoid the more natural combination of Hankel func-
tions of the ® rst and second kind in Eq. (6), or, alternatively, the
Bessel functions of the ® rst and second kind, is that this would lead
to subtraction of very large terms in certain parts of the a plane
with subsequentfatal loss of numerical accuracy. It is noted that Rn

has a ® nite limit for j c j ! 0, which is obtained by substituting the
ascending series for Jn and H (2)

n in Eqs. (5) and (7).
After rearrangement of Eq. (7) it is possible to recover the tra-

ditional Green’s function by performing the Fourier integral to a ,
which comes down to summation of the residues.Then the classical
Green’s function representation in duct modes given by

ÄG =
1

(2 p )2 * 1
¡ 1

exp[i x (t ¡ s )]
1Sn = ¡ 1

exp[in(h ¡ u )]
1Sl = 1

Un l (r )

£
Un l ( q )

2i b n l ( x )
exp{i

(x ¡ n )

b 2
[M x ¡ sgn(x ¡ n ) b n l ( x )]}dx

(8)
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results. Here the square root b n l is de® ned as

b n l = x Ï 1 ¡ ( e n l b / x )2 if ( e n l b )2 · x 2

b n l = ¡ i Ï ( e n l b )2 ¡ x 2 if ( e n l b )2 > x 2

(9)

where the radial eigenvaluesare denoted by e n l . It is noted that the
zeros of the denominator of Eq. (7) in the complex a plane are the
modal eigenvalues e n l .

An advantageof using Fourier±Bessel expansionsas Eqs. (3) and
(8) for the Green’s function is the fact that the composing terms
are continuous functions, also in the source point. A disadvantage
is the complexity of the multiple, nested series and integrals. Note
that the expansions do not have a pointwise convergence, but only
represent the Green’s function in a generalized sense. In the ® -
nal results, however, the Green’s function will appear only in in-
tegrals over a blade surface. After taking these integrals inside,
the resulting expansion, in general, converges slowly. To acceler-
ate the convergence,special techniques,19 such as Euler summation
of the oscillatingtails of the a integraland Richardsonextrapolation
of the n-series, are applied in the numerical evaluation.15

Not only Green’s function, but any sound ® eld in a duct, can be
describedin termsof a superpositionof ductmodes. If b n l ( x ) is real,
the mode is said to be cut-on because it propagateswithout attenua-
tion along the duct in the upstreamand downstreamdirections.If, on
the other hand, b n l ( x ) is imaginary, the mode is cut-off because it is
exponentiallydecaying from the source. Each mode has its particu-
lar cut-off frequencygiven by §b e n l . This classical representation
of Green’s function has been used in all lifting surface methods
for ducted fans thus far. Its main disadvantage is the partly highly
damped and partly highly oscillating character of the large-order
eigenfunctionsUn l (Fig. 1), which leads to a cumbersome numeri-
cal integrationin the blades spanwise direction,because asymptotic
integration techniques,19 such as the method of stationary phase,
cannot uniformly be applied. Furthermore, the expansionof Eq. (8)
cannot be used for incident distortion ® elds at a cut-off frequency
of one of the duct modes. By virtue of using a deformed contour to
perform the a integral, the expansion of Eq. (3) can still be used.

Until recently,14 the traditional expansion of Green’s function
into duct modes9±12 has only been applied to ducted blade rows of
the most simple geometry, i.e., leading and trailing edges in cross-
sectional planes. The reason for this is that the infringement on
the separationof variables by swept or tapered blades increases the
complexity as well as the computationaleffort dramatically. If only
the ® eld upstream or downstream of a blade row is to be described,
the classicalGreen’s function is the more ef® cient vehicle.Then, the
complete sound ® eld in a duct can be described to high accuracy by
a relatively small number of duct modes, namely, the cut-on modes
supplementedwith a fewcut-offmodes.However, in a liftingsurface
problem high-ordercut-off modes play a much more important role
than they do at some axial distance from the blade row. The present
formulation[Eq. (3)], in which the summationover radialmodes has
been replaced by an integral, accepts blades of a general planform,
i.e., with leading and trailing edges that are a function of the radius,
without signi® cant penalty in complexity.Therefore, it seems much
better suited to study effects such as blade sweep and taper on the
sound generation process of ducted fans.

Fig. 1 Example of radial eigenfunction Un¹(r); n = 200, ¹ = 32, and
h = 0.4.

Blade Loading Velocity Field
As shown in Ref. 15, substitutionof the actual force ® eld exerted

by the blades into the expression for the velocity leads, after some
algebra, to the following expression for the velocity induced by a
blade row:

ÄvF =
B

(2 p )3 M

1Sn = ¡ 1
* 1

¡ 1
exp(i x m t) exp(imh )

£ * 1
¡ 1

exp(i a x)

i [a + ( x m / M)] * 1

h

q exp[¡ im D( q )]
ìï
í
ïî

g0( q )
d (r ¡ q )

r

¡ é
êë

a

¡ i@/ @r

m/ r

ùúû á g0( q ) ¢ éêë
a

i@/ @q

m/ q

ùúû ñ Rm( a , r, x m j q )
üï
ý
ïþ

£ * xT ( q )

xL ( q )

exp[i( m X

M ¡ a ) n ] D p( n , q , x ) d n d q da d x (10)

where x m = x ¡ m X and m = k ¡ n B. Note that k denotes the
full circumferential periodicity of the incident ® eld, regardless of
its origin. Similarly, B always denotes the number of blades in the
exposed blade row, irrespective of being a rotor or a stator. For the
sake of completeness this expression is for a rotor. For a stator it
simpli® es because then X = 0. The pressure jump distribution is
de® ned as

D p( n , q , x ) = p+ ( n , q , x ) ¡ p ¡ ( n , q , x ) (11)

and the vector normal to the undisturbed helical surfaces

g0(r) = (X / M)ix ¡ D 0 (r)ir + (1/ r)ih (12)

For stator vanes without lean, a further simpli® cation is that D 0 = 0
in Eq. (12).

Equation (10) contains both the vortical and the irrotational (i.e.,
associatedwith the pressurewaves) velocity ® eld. The vortical ® eld
results both from the ® rst and the second term in braces, whereas
the irrotational ® eld results from the second term only. By taking
a contour integral in the a plane it can be readily veri® ed that the
® rst term yields a Heaviside function in (x ¡ n ) with a stream-
wise Strouhal periodicity. The second term also yields such a ® eld
plus a modal wave system similar to that of the Green’s function
in Eq. (8).

Integral Equation
The only unknownquantity in the expressionof the blade loading

velocity [Eq. (10)] is the blade pressure jump distribution D p. To
solve D p we have to apply the boundary conditionof ¯ ow tangency
at the blade surfaces. This boundary condition is rewritten in such
a way that the right-hand side depends solely on known quantities.
By splitting the incident ® eld into circumferential Fourier compo-
nents ÄWk (x , r, t ) exp(ikh ), the integralequationhas to be solved for
one blade only. Combining the boundary conditions at upper and
lower blade surfaces, as in Ref. 15, we obtain the following integral
equation for D p due to an incident velocity ® eld:

[h g0 ¢ ÄvF i = ¡ á g0 ¢ ÄWk eik h

ñ ]h = D + X (t ¡ x / M )
(13)

Taking the Fourier transform in time of both sides of Eq. (13) per-
mits the solution of the problem per frequency x .

Numerical Solution Procedure
The ® rst step toward the numerical solution of the integral equa-

tion [Eq. (13)] is the choice of a suitable descriptionof the unknown
pressure jump distribution.In principle, this can be achieved by ap-
proximating D p by a ® nite set of basis functions,also called loading
or trial functions. Because vanes operate de® nitely in the subsonic
regime, an appropriate choice for the chordwise representation is15

D p = P0( q ) tan
u

2
+

k max

Sk = 1

Pk ( q ) sin k u (14)
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where n is related to u by

n =
xT ( q ) + xL ( q )

2
+

Åc( q )

2
cos u (15)

This representation incorporates the usual subsonic square root
leading-edge singularity, as well as a Kutta condition behavior at
the trailing edge. It also permits the chordwise integrals in Eq. (10)
to be evaluated analytically, a most welcome computer time sav-
ing quality, which is missed with the classical Green’s function
representation.

In the spanwisedirection Pk ( q ) is expandedin a Chebyshevseries
as follows:

Pk ( q ) =
m max

Sm = 0

Pm k cos m w (16)

where

cos w = 2( q ¡ h)/ (1 ¡ h) ¡ 1 (17)

Now a Galerkin projection, as described in Ref. 20, transforms the
integral equationinto a system of linear equations that can be solved
by standard matrix techniques.

Experimental Validation
To validate the new method, it was applied to a standard experi-

mental NLR test case. Figure 2 shows the experimental model13, 16

consistingof a through-¯ ow nacelle with a 0.4-m-diam duct, which
was installed in a low-speed wind tunnel. A 0.24-m-diam hub
formed the inner boundary of the annular geometry in which a sta-
tor with 18 unswept vanes was installed. In front of the stator, a
rotor consisting of 16 cylindrical rods (3 mm diam) was mounted.
These rods were used as acoustically transparent wake generators
to produce a periodic velocity perturbation ® eld.

The comparison of the new lifting surface method and the clas-
sical one for the NLR fan experiment is made in Fig. 3. Obviously
the absolute values of the pressure jump distributions of both lift-
ing surface methods are close, with the classical one showing a
slightly larger discrepancy with the experiment. Note that differ-
ences between the two methods are entirely due to differences in
the numerical treatment and subsequent programming, because the

Fig. 2 NLR fan noise wind-tunnel model (dimensions in millimeters).

Fig. 3 Comparison of two lifting surface methods with NLR fan
experiment13: ® rst harmonic, r = 0.8 (midspan), conditions in Table 1.

Fig. 4 Midspan pressure jump distribution; ® rst harmonic, conditions
in Table 1.

methods are analytically equivalent. The agreement with the ex-
periment is surprisingly good, bearing in mind that in this case
the disturbance level is as high as 20% of the freestream veloc-
ity, which can be hardly considered to be a small perturbation.
Figure 4 shows a complex representation of the pressure jump
distribution, measured and computed with the present theory. It
also appears that the phase is accurately predicted. For this com-
parison use was made of the measured wake velocities to obtain
the right-hand side of Eq. (13). It was found that Schlichting’s
wake formulas21 give a good description of these wakes. There-
fore, these formulas were used in the next numerical examples for
swept vanes.

Numerical Examples
Low-Speed Con® guration

The NLR fan experiment was taken as a starting point for an
exploratorystudyof the effectsof vane sweep. For the ® rst harmonic
of the rod wake system, lifting surface calculations were made for
sweep angles up to 30 deg at 5-deg intervals. The vane intersection
with the hub was kept in place while the intersectionwith the casing
followed from the sweep angle (Fig. 5 and Table 1). This way the
vane area was kept constant.

First Harmonic

Figure 6 shows the ® rst harmonic upstream and downstream
acoustic intensity level in decibels (referred to 10¡ 12 W/m2).
Because in this case only one mode is cut-on at the ® rst harmonic
(m = 2, l = 1), this is also the modal intensity. Clearly, the up-
stream power virtually disappears beyond 20 deg of sweep. The
downstream power falls slower but at a sweep angle of 30 deg also,
the downstream power has effectively vanished.

The difference in upstream and downstream behavior is a conse-
quence of the difference in the modal axial wavelength, as can be
seen in the expression for the pressure induced by the loading of an
unleaned vane:

ÄpF (x , r, h , t) = ¡ B

2 p
exp(i x t )

1Sn = ¡ 1
exp[im(h ¡ D)]

£
1Sl = 1

Um l (r)

2 b m l ( x ) * 1

h

m

q
Um l ( q ) * xT ( q )

xL ( q )

exp{i
(x ¡ n )

b 2
[M x

¡ sgn(x ¡ n ) b m l ( x )]}D p( n , q ) dn dq (18)

In the present case b 2,1 = 6.015, which yields an upstream wave
number of 7.599 and a downstream wave number of ¡ 4.431. Be-
causethesewavenumbersoccuralso in theexponentialin the chord-
wise integral in Eq. (18), it may be clear that the upstream mode is
almost twice as sensitive to an axial source variation as the down-
streammode. Thus, it is to be expectedthat the upstreammode more
directly responds to vane sweep than the downstream mode with its
longer wavelength.

It is observed that the downstream level is considerably higher
than the upstream level. Because the upstream propagating sound
can also be reduced by rotor shielding, it is the downstream sound
that would need all the attention in this case. It is obvious that
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Table 1 Low-speed con® guration

Number of rotating rods 16
Number of stator vanes 18
Hub/tip ratio h 0.6
Axial vane chord length 0.25
Axial Mach number 0.244
Rods circumferential tip Mach number 0.406
Rods drag coef® cent 1.2
Nondimensional ® rst harmonic frequency 6.491
Speed of sound, m/s 340.43

Air density, kg/m3 1.225

Fig. 5 Low-speed
interaction model with
rotating rods and unswept
vanes (lower) and 30-deg
swept vane con® guration
as computed (upper);
conditions in Table 1.

Fig. 6 Acoustic intensity level ® rst harmonic; conditions in Table 1.

Fig. 7a Real part of pressure jump distribution for 0 deg of sweep, ® rst
harmonic; conditions in Table 1.

Fig. 7b Imaginary part, 0 deg of sweep.

Fig. 8a Real part of pressure jump distribution for 25 deg of sweep,
® rst harmonic; conditions in Table 1.

Fig. 8b Imaginary part, 25 deg of sweep.

Fig. 9 Acoustic intensity level second harmonic; conditions in Table 1.

impressive sound reductions of more than 15 dB can be achieved
both upstream and downstream, even with a simple constant sweep
angle. Note that the reduction is of the same order as that recently
reported by Kerschen and Reba22 for active control leading-edge
actuators.

To show that thenoisereductionis not causedby a vanishingaero-
dynamic response, the pressure jump distributionsfor 0 and 25 deg
of sweep are shown in Figs. 7a and 7b and 8a and 8b, respectively.
Obviously, the pressure jump does not vanish at all for 25 deg of
sweep but shows a strong spanwise phase variation compared to the
0-deg sweep case. Thus, the primary effect of sweep is to promote
a poor coupling between blade loading and propagating acoustic
modes.

Second Harmonic

In Fig. 9 the results for the second harmonic are shown. At this
frequency two modes with circumferential periodicity m = 4 are
cut-on. For the upstream power it takes about 5 deg of sweep before
it starts to fall. The downstream intensity directly starts to decrease
but beyond 15 deg the upstream and downstream sound reductions
are practically equal. A 10-dB reduction is attained at 20 deg. Note
that the overall intensity level sound is higher than it was for the ® rst
harmonic. Also, the downstream level is again considerablyhigher
than the upstream.
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Fig. 10 Effect of the number of chordwise basis functions, sweep angle
20 deg, ºmax = 10, second harmonic; conditions in Table 1.

Fig. 11 Effect of number of spanwise basis functions, sweep angle 20
deg, ¸max = 13, second harmonic; conditions in Table 1.

Numerical Validation of Method

To check the numerical accuracy of the method, the number of
basis functions representing the pressure jump distributionwas sys-
tematically varied. The number of basis functions strongly affects
the requiredcomputingtime and normallyone shouldavoidan over-
dose of basis functions.The second harmonic of the low-speedcase
just discussed was used as a test case. A typical computing time
for one sweep angle of this case is 24 h on a Pentium 133 system,
whereas higher harmonics are even more demanding. Figure 10
presents the computed intensity level for a sweep angle of 20 deg as
a function of the number of chordwise basis functions.The number
of spanwise basis functions was kept constant at 11 (= m max + 1). It
appears that beyond k max=6 the computed intensity level is practi-
cally constant.

The same exercise was done for the spanwise basis functions
while thenumberof chordwisefunctionswas keptat 14 (= k max+1).
From Fig. 11, it is clear that m max = 7 is suf® cient for a correct result.

These ® gures are very much case related. In particular, a dif-
ferent frequency, chord length, and hub/tip ratio h will change the
minimum required number of basis functions.

High-Speed Fan

Although the previous example had the advantage of a direct
relation to a well-documented experiment, the real interest of the
method is, of course, in its application to the emerging very high
bypass turbofans. Inspired by the advanced ducted propeller (ADP)
experiment by Woodward et al.,23 a high-speed fan con® guration
was de® ned, as given in Table 2 and Fig. 12. As usual for modern
fans, the ® rst harmonic is cut-off.In the secondharmonicfourmodes
with circumferential periodicity m = 8 are cut-on. The nondimen-
sional frequencyof this case is almost twice as high as in the earlier
example.

The rotor chord was taken as

c(r) = 0.247Ï 1 + [(2r/ (1 + h)]2 (19)

With a constant rotor blade drag coef® cient of 0.01, the turbulent,
viscous wakes were computed in a quasi-two-dimensionalway15, 21

to provide the incidentvelocity ® eld in Eq. (13).To keep the average
gap between rotor and stator constant, in the present example the

Table 2 High-speed fan example

Number of rotor blades 16
Number of stator vanes 40
Hub/tip ratio h 0.45
Initial vane chord length 0.17
Mid span axial gap 0.219
Axial Mach number 0.288
Rotor circumferential tip Mach number 0.76
Rotor blade drag coef® cient 0.01
Nondimensional second harmonic frequency 24.32
Speed of sound, m/s 340.43

Air density, kg/m3 1.225

Fig. 12 High-speed fan geometry: 20-deg swept vane (upper) and
unswept vane (lower); also see Table 2.

Fig. 13 Acoustic intensity level, second harmonic; conditions in
Table 2.

midspan leading-edge point was held in place as the sweep angle
was varied (Fig. 12). Here, the axial gap itselfwas taken smaller than
would be typical in an actual ADP design to prevent a completely
merged viscous wake system with a rather unpredictable residual
structure. It may be expected that for a large gap it is the inviscid
wake system of the fan that dominates the incident velocity ® eld at
the vanes. The present viscous wake system, therefore, should be
consideredonly as a sample to demonstrate the effect of vane sweep
for a well-organized incident ® eld.

Another point of concern is the loss of steady aerodynamic load-
ing of a swept vane. For a high aspect ratio vane the aerodynamic
performancedependson the velocitycomponentnormal to the lead-
ing edge rather than on the total velocity. To preserve the aerody-
namic performance, the axial vane chord was varied with the sweep
angle as

c =
c0

cos2 k
(20)

where c0 is the initial chord at zero sweep and k is the sweep angle.
As a result, the vane surface also increases with the sweep angle
(Fig. 12).

It is shown in Fig. 13 that sweep doesnotyield immediatebene® ts
for this con® guration. On the contrary, ® rst some critical value has
to be passed before a sharp decrease begins. The upstream sound
starts to decreaseearlier than the downstreamsound,which requires
about 12 deg to become lower than its zero sweep level. Thus, a too
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small sweep angle may have an adverse effect. Still considerable
sound reductions on the order of 8 dB are possible with 20 deg of
sweep. The downstream intensity level is again considerablyhigher
than the upstream level.

Concluding Remarks
The application of a lifting surface method to the calculation of

aerodynamicandacousticresponseof swept statorsto impingingro-
tor wakes has been discussed.A new element in the present method
is the representationof the Green’s functionas an integral insteadof
the more familiar in® nite sum of radial modes. The method can be
consideredas an extensionof a propellerlifting surfaceformulation.

Comparison with experimental data and results of the classical
Green’s function formulationshows the validity of the new method.
The numerical consistencyof the method has been checked by sys-
tematicallyvarying the representationof the unsteadyvane pressure
jump distribution.

Calculations for the experimental NLR fan model for a range
of sweep angles up to 30 deg show a potential of 10±15 dB noise
reduction.

At conditions relevant for a modern, very high bypass design,
interaction noise reductionsof the order of 8 dB seem to be obtain-
able with 20 deg of vane sweep. Smaller sweep angles may cause a
sound increase.

The found effectiveness of a simple backward vane sweep in-
vites to further research into forward sweep and more sophisticated,
curved vane planforms.

For the same sweep angle, the computeddownstreamnoise levels
persistently appear to be considerablyhigher than upstream levels.
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