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Unsteady Leading-Edge Suction Effects
on Rotor-Stator Interaction Noise

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

A strictly linear analysis of the sound generated by an unleaned stator yields a vanishing amplitude for modes
with zero circumferential periodicity. In such a case higher-order effects become relevant. In the present study the
higher-order effect of stator leading-edge suction on radiated sound is addressed. By a local analysis in the vicinity
of the leading edge, a suction force can be restored from the first-order theory. This suction force oscillates at twice
the frequency of the associated blade loading. Numerical examples show that the effect provides a realistic floor
level for the sound that otherwise would seem to vanish. For non-zero circumferential modal wave numbers, the
effect can increase the acoustic intensity by as much as 10 dB.

Nomenclature
= number of blades or vanes in row considered
= tangential force coefficient [Eq. (24)]
= blade (or vane) chord
angular position of zeroth vane [Eq. (4)]
Green’s function [Eq. (3)]
= hubf/tip ratio
i.,1.,ip = unitvectorsin x, r, 0 directions
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k = circumferential periodicity of incident velocity
M = axial flow Mach number

p = pressure induced by blade row

r = radial coordinate

t = time coordinate

U = local parallel flow velocity [Eq. (9)]

U = radial eigenfunction [Eq. (4)]

v = velocity induced by blade row

w = streamwise wake velocity

X = axial coordinate along duct axis

p = J(1-M?)

y = corner flow magnitude [Eq. (9)]

Ap = blade pressure jump distribution [Eq. (4)]

& = small parameter [Eq. (7)]

Emp = radial eigenvalue [Eq. (5)]

0 = circumferential coordinate, argument [Eq. (10)]
& = axial source coordinate

¢ = source position vector [Eq. (3)]

P = radial source coordinate, mass density

T = source time [Eq. (3)]

¢ = circumferential source coordinate, phase angle
[0 = Helmholtz number (nondimensional frequency)
() = inner product of three-dimensional vectors
Subscripts

L = leading edge

m = merging

s = suction

T = trailing edge, tangential

w = wake

3] = at infinity

Superscripts

(a) = anechoic

+ = blade lower side, downstream
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= blade upper side, upstream
= complex conjugate
= in time domain

*
|

v
|

Introduction

ROBABLY the most important step forward in the history of

fannoiseresearchhas been Tyler and Sofrin’s' study on the role
of blade and vane numbers in noise generation. They showed that
for a fan rotating with a subsonic tip speed it is straightforward to
suppress the fundamental blade passing frequency (first harmonic)
by choosing a sufficiently high number of stator vanes. Then, all
acoustic duct modes become cutoff and do not propagate along the
duct. In aeronautical practice “sufficiently high” turns out to be
about twice the number of rotor blades.

Inanidealizedmodel the ductmean flow is uniformand the acous-
tic perturbations are small. Corresponding blade rows are aligned
with the relative mean flow and thus lack mean loading. Then, the ex-
pression for the modal amplitudes generated by the impingement of
rotor wakes on a stator shows that amplitudes are proportional to the
circumferential mode number m. According to Tyler and Sofrin’s!
selection rule we obtain m =0 in the second harmonic when the
stator vane number is exactly twice the rotor blade number. This
would resultin a zero amplitude. Of course, this looks too good to
be true and, as shown earlier,> higher-order effects such as realis-
tic vane camber and stagger angle become significant under such
circumstances.

However, even with an idealized geometry, the acoustic inten-
sity will not vanish because of another nonlinear, higher-order phe-
nomenon: the presence of a vane leading-edge suction force, os-
cillating because of incident flow distortions. For isolated airfoils
the existence of such a suction force was reported by Katzmayr®
in 1922. His experiments were rather focused on the time-averaged
component of this suction that produces a negative airfoil drag un-
der favorable conditions. More recently, Ribner* analyzed the sin-
gle flat plate airfoil problem theoretically for incompressible flow.
He clearly pointed out that, apart from a steady component, the
suction thrust oscillates about a mean at twice the frequency of
the incident upwash field. Amiet® extended the solution to a flat
plate airfoil in a subsonic flow. His analysis is the most relevant for
the present work, which is concerned with the acoustic effects of
the leading-edge suction of a complete stator.

Theoretical Modeling
Governing Equations
In the present study a lifting surface, i.e., linearized and inviscid
modeling of the rotor-wake/stator interaction, will be used. A lifting
surface modeling of a flow problem is based on two assumptions.
First, the viscosity of the flow is considered to be small, i.e., the
Reynolds number is assumed to be sufficiently high. Second, the
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perturbationsof the main flow caused by the presence of the blades
are supposed to be relatively small.

We considerasinglebladerow placedin a uniform, subsonicmain
flow of Mach number M(0 < M < 1). To obtain a nondimensional
formulation, the mass density and speed of sound of the main flow
and the duct radius are taken as scaling parameters. With this scal-
ing, the pressure and density perturbation become to leading order
identical. The governing, i.e., the leading order, flow equations are
the linearized Euler equations for the (dimensionless) perturbation
pressure p and velocity v:

Dp

o +H{(V-p) = 1)

where a tilde indicates that the variable is understood to be in the
time domain. If the x axisis chosenalong the duct axis the linearized
material derivative D/Dt =9/0t + Mo/ ox.

Stator Sound Field

As shown previously®” application of generalized functions to
make Eqgs. (1) and (2) formally valid throughout space, i.e., also
within the blades, and elimination of the velocity yields a non-
homogeneous convected-wave equation in the pressure. The right-
hand side of this equation consists of two source terms, one of
which contains the blade loading distributionand the other the blade
thicknessdistribution.Itappearsthatthe latter only affects the steady
blade response and plays no role in the wake interaction problem.
After the construction of Green’s function G for this equation in
terms of a multiple Fourier transform, the wake interaction pressure
field of a stator can be expressed as the following integral over the
source volume and time:

ﬁ:/// (VoG -V S)ps&(S)dedr (3)

where V  denotes the gradient operator with respect to the source
coordinates &. Following Ffowcs Williams and Hawkings,” S is a
smooth function that defines the vane surfaces through S > 0 out-
sideand S < Oinsidethe vanes. This pressurefield containsunsteady
componentsat multiples of the rotor wakes passing frequency. Upon
substitutionof the pressurefield, the momentum equationyields ex-
pressions for the velocity induced by the vane loading. After omit-
ting the higher-orderterms in the geometry, upper and lower surface
pressure reduce into the pressure jump Ap across the vanes.

Integral Equation

To solve the unknown pressure jump distribution Ap we have to
apply the boundary condition of flow tangency at the vane surfaces.
By splitting the incident field of rotor wakes into circumferential
Fourier components, the integral equation becomes identical for all
vanes of the stator. Combining the boundary conditions at upper and
lower blade surfaces as in Ref. 6, we obtain an integral equation for
Ap because of an incident velocity field. The numerical method to
solve this integral equation is described in Refs. 8 and 9.

Modal Amplitudes

Green’s function G can be considered as the sound field of an
impulsive point source. For a duct G takes the form of an expan-
sion in acoustic modes.’ For unswept, unleaned vanes, the resulting
pressure field at a single frequency can be written as

px,r,0,1) = _—B exp(lwt)n;mexp[lm(e D)]mzzﬂ::((z)
mu(p)
[M@ = sgn(x = &) B (@)]
XAp(&, p)dsdp @)

where the circumferential wave number m =k — nB and

ﬂnu = 04/ 1- (Snuﬂ/a) 2 if
B = =i/ (guPB) —? if

Itis well known' that, for a given frequency , only a finite number
of modes actually propagates along the duct. In practice it is quite
feasible to select blade and vane numbers such that in the blade
passing frequency (first harmonic) all modes are cutoff, i.e., not
propagating. Similarly, in many practical cases only a single term
of the n series is propagating in the second harmonic. If the corre-
sponding m for this term can be made zero, no sound will radiate in
this frequency.

However, at this point it is to be remembered that the present
analysis is concerned with the leading term of an asymptotic anal-
ysis in the small perturbation parameter. Therefore, higher-order
terms have to be taken into account if the leading term vanishes.
For instance, it should be noted that the vane geometry is to leading
order approximated by flat plates parallel to the axial mean flow. In
an earlier study? the higher-ordereffect of vane camber and stagger
was shown to become significant in the case of high frequenciesand
low m. In this paper it is shown that even with a truly flat geometry
the sound will not vanish when m =0.

(emB)’ <0

(eauB)? > & 5)

Leading-Edge Suction Force

Vanes are designed to operate under a wide range of angles of
attack in a subsonic flow and therefore have a leading edge suffi-
ciently rounded to sustain a suction force in the forward direction.
In principle the leading-edge suction force is a higher-order effect
not captured by the lifting surface approximation, which accommo-
dates only forces normal to the lifting surface. In a recent study on
an airfoil traveling through a sinusoidal upwash field, Amiet® re-
covered the suction force first for a steady flow from D’ Alembert’s
paradox (zero drag in steady, inviscid two-dimensional flow). Then,
following von Kdrmén and Burgers,'* he argued thatin an unsteady
flow the suction force is a very local phenomenon that may be con-
sidered as quasi-steady.Consequently, the result obtained for steady
flow should also apply to unsteady flow. Here we will follow a more
general, asymptotic approach basically valid for the flow in the im-
mediate vicinity of any subsonic leading edge.

Let (x, y, z) be alocal Cartesian frame with its origin at the lead-
ing edge, x aligned with the main flow direction, y normal to vane
surface (no lean is considered), and z in the spanwise direction.
Then, the equation for the perturbation potential induced by the
vane reads

%p %9 3% %¢ %¢

Ly Lt _M— - —— =) 6
F ox2 oy 072 oxot  or? ©

The flow in the vicinity of the leading edge is characterized by a
moving stagnation point. The maximum distance from the leading
edge ¢ of the stagnation point attained during an unsteady cycle
therefore is a natural length scale of flow variation in the plane
normal to leading edge. Introducing scaled coordinates

X = ﬂgX, y =gY (7)

into Eq. (6) yields

RN

M 3? %9 o’
X e ~2 3 82[_¢ B _(q 0w

B 0Xot 0z2 ot

Obviously, close to the leading edge the unsteady perturbation po-
tential is to leading order governed by the two-dimensional Laplace
equation, i.e., the flow indeed behaves predominantly quasi-steady
and time dependenceonly appears parametrically. At the same time
the geometry of the leading-orderproblemreducesto a semi-infinite
plate because for practical cases ¢ is much smaller than the vane
chord and the wavelength of incoming gusts. Restricting ourselves
to the leading order, we can apply classical two-dimensional poten-
tial theory in which the flow abouta semi-infinite plate is an extreme
case of a corner flow, e.g., see Ref. 11, p. 410.
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Fig.1 Integration contours C; and C; to recover suction force.

The complex potential ¥ of a semi-infinite plate in a parallel flow
Ui, with superimposed corner flow of magnitude y is given by

x =UZ+yZ) ©)

where Z =X +iY. Hence the complex conjugate velocity (Fig. 1)

is
d 0
d_; =u—iv =U|:1+ 2y_R exp(—i5>i| (10)

The pressure follows from Bernoulli’s theorem for incompressible
flow

p+%pw(u2+vz)=poo +%pooU2 (11)

In general the infinitesimal tangential and normal force components
of the pressure acting on a body surface are given by

dT = pdy, dN =-pdX (12)
Now consider a contour C; wrapped around the plate leading

edge (Fig. 1). The force (T, N) acting on the covered part of the
plate is then given by

T—iN=i/ pdz* (13)
Cy

After some manipulation, e.g., Ref. 11, p. 433, substitution of Eqgs.
(10) and (11) then yields

2
. d
T—iN = —ip—/ L az (14)
2 ). \az

Obviously, the integrand has singularitiesin Z = (0, 0), butbecause
the contour made up by C; and C, does not enclose any singularity
(or cross the branch cut X >0, Y =0), we have

2 2
/ (d—"> dZ=—/ (dl> 4z (15)
C1 dZ 6 dZ

Hence the force on the forward part of the plate can equivalently be
calculated from the integration along C,, which is straightforward.
The resulting force (7, N) per unit span is given by
—_1 2 2 _ 1 2

T =—1p. U(n/2)7?, N =ip U4y X (16
Note that, in contrast to the tangential force, the normal force de-
pends on the covered length from the leading edge. Further, the
normal force is linear in the corner flow strength y, whereas the
tangential suction force scales on y2.

Applicationof Bernoulli’s theorem[Eq. (11)] along the upper (—)
and lower (+) surface of the plate yields

AC,(X) =(p* = p) [4puU =2¢y/VX (17

Clearly, this relation between Ap and y is valid for incompressible
flow. Because the lifting surface result is for compressible flow, we
use the Prandtl-Glauert similarity rule'? to obtain

27 = VXAC,, (X) = BYKAC,,, (X)

Pinc
= VBIm VEAC) (1) (18)

Usually the AC,,, computed by a lifting surface method, is given as
the following Glauert series:

AC, =P, tang + ) PisinAg (19)

a=1
where x =c(1 + cos ¢)/2. Now it is easy to show that

li{n VXAC e (X) = PyJc (20)
x 10

Upon substitution of this result in Eq. (18), we can eliminate y in
Eq. (16) to obtain

Cr =T /LipUc = —(npI8) P} 1

which is identical to Amiet’s® result [his Eq. (6)] but derived in a
rather different way.

Frequency Doubling

In the preceding section, a theory for steady flow was applied
on a very small length and time scale (in the vicinity of the lead-
ing edge) to recover the instantaneous suction force. On the larger
scale of the complete blade row, the time dependence of the suc-
tion force is imposed by the pressure jump fluctuation at frequency
o. Of course, the suction force also depends on the radial position
p. Making this dependence explicit by replacing P, in Eq. (21) by
| Py(p)| cos[wt + ¢(p)] we obtain

Cr(p, 1) = —(xBIPo(p)P/8){1 + cosl20t + 2¢(p)1}/2  (22)

As noted by Ribner,* this remarkable result shows that the suction
force resulting from a pressure jump oscillating at a frequency @
consists of a steady part and a part oscillating with frequency 2.
Consequently, the first harmonic pressure jump generates a suction
force in the second harmonic, the second harmonic pressure jump
generates a suction force in the fourth harmonic, and so on.

This is a truly nonlinear effect that is not present in first-order
acoustic theories, even in those that account for mean vane loading
and nonuniform mean flow. The reason for the frequency doubling
is that the suction phenomenon is insensitive to the sign of angle of
attack; upwash is as effective as downwash.

Note that this frequency doubling does not occur when the flow
separatesat the leadingedge to form a vortex. In thatcase the suction
analogy® '3 applies with a leading-edge force acting normal to the
lifting surface and oscillatingat the same frequencyas the associated
AC,.

To compute the contribution of the suction force in the modal
amplitude, we have to go back to the basic Egs. (1) and (2). As
shown in the Appendix, the modal amplitudes generated by the
suction force are given by

+ B MoF B,u(w) .
mp = 47Tﬂmu(60) ﬂz eXP( lmD)
_ 1
Xexp[—mW} / Una(P)Crp)dp  (23)
h

where

Cr(p) = =(M*/2)(xBc/8)[ P(p) /2] (24)
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Parametric Study
Configuration

To obtain an idea of the relevance of the suction phenomenon,its
effect for a generic modern fan was numerically studied. The char-
acteristicsof this fan are listed in Table 1. The stator has vanes with a
constantchord, without sweep or lean. The rotor has unsweptblades
with a constantaxial extentaligned with the relative local main flow.
In the present study the rotor is considered as an acoustically trans-
parent, viscous wake generator.

To put the analysis in the practical context of noise control, the
effect was studied as a function of the axial gap between rotor and
stator. Increasingthe rotor-statorspacingis an obvious way toreduce
interaction noise.

Wake Velocity

Incident rotor blade wakes were computed according to
Schlichting’s'® formulas for turbulent wakes in a quasi-two-dimen-
sional way. In a local Cartesian coordinate system (s, ¢) with the
rotor blade trailing edge as origin, the wake velocity is given by

U CawCy _q2
w=- ex 25
4T A s p|:4lcdwcw s (25)

where ¢4, is the local drag coefficient, ¢, the local rotor blade
chord, and the empirical coefficient A =(0.0222. This wake profile is
for isolated wakes and has no definite boundaries. Because we are
dealing with a multiblade wake system, wake merging will take
place at some downstream location. In anticipation of merging we
also consider a periodic cosine velocity profile, satisfying the far-
wake momentum relation

_ U CawCy 27Tq +1 (26)
"= 2 s cos JCawCy S

with boundaries

q = i% \/CawCy S 27

Beyond the location where the boundaries of adjacent wakes inter-
sect, the wake width cannot further increase and, again following
Schlichting,! the next wake profile is adopted

_ U CawCwSm 277,'q +1 (28)
Y= 2 S o8 \/decwsm

where the subscript m refers to the merging station. Two levels of
incident wake strength were investigated: a rotor blade drag coeffi-
cient of 0.025 (low) and of 0.050 (high).

Low Drag Rotor Wakes

Figure 2 presents the wake Fourier coefficients of the first and
second harmonic at a radius of 0.8 as a function of the axial distance
from the rotor trailing edge. It is readily observed that second wake
harmonic becomes very small compared to the first harmonic for
a moderate gap and beyond. Therefore it is very well possible that
the suction effect, which scales on the square of the first harmonic,
may become more important for large rotor-stator spacing. In the
following all acoustic intensity refers to the second harmonic of the

Table 1 Rotor and stator data

Parameter Value
Number of rotor blades 23
Number of stator vanes Variable (45-47)
Hub/tip ratio, 0.50
Vane chord length 0.12
Axial Mach number 0.32
Rotor tangential tip Mach number 0.75
Axial extent rotor chord 0.15
Rotor blade drag coefficient 0.025/0.05
Nondimensional second harmonic frequency 34.50
Speed of sound (m/s) 340.43
Air density (kg/m?) 1.225
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Fig.2 Absolutevalueof wake Fourier coefficients, scaled on freestream
velocity: rotor blade ¢; = 0.025, radius =0.8.
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Fig. 3 Acoustic intensity because of leading-edge suction: m =0, 46
vanes, rotor ¢y = 0.025.

rotor blade passing frequency only. The presumably much weaker
third and higher harmonics are not considered.

The fan has 23 rotor blades and with a stator of 46 vanes Eq. (4)
predicts a vanishing base acoustic level in the second harmonic.
Hence the acoustic intensity for this case in Fig. 3 is solely caused
by the suction force. It is observed that there is almost no difference
between the upstream and downstream intensity. The reason for
this is that the first radial mode (m =0, u =1) has an eigenvalue
&,u =0.0. The relation between outgoing acoustic intensity W,
and the modal amplitudes in an anechoic duct is given by

L Bl (29)
" o(1F MB,ul 0)?
e.g.,Ref. 16. Substitution of Eq. (23) for the modal amplitude shows
that for a zero eigenvalue the upstream and downstream intensities
(not the amplitudes) are equal. As the firstradial mode is dominating
the higher modes by far in this case, the total emitted intensities are
also practically equal on both sides of the stator.

The suctionnoise only weakly decreasesas the axial gap between
rotor and stator is increased. It takes about a sixfold gap increase to
obtain a reduction of 10 dB, which reflects the slow decrease of the
first wake harmonic with distance (Fig. 2).

If the number of vanes is increased to 47, cut-on modes with
m = —1 are generated in the second harmonic. The minus sign indi-
cates that these modes are counter-rotatingto the rotor. However, to
isolate the suction effects, rotor shielding,!” although important in
practice, was not taken into accountin the present analysis. In Fig. 4
the computed upstream acoustic intensity is presented. As can be
expected from Fig. 2, for a small gap the suction effectis small, but
beyonda gap of 0.4 ductradius, it becomes prominent. A maximum
of 9 dB in the suction effect is observed at a gap of 0.6.

As shown in Fig. 5, the base level of the downstream interaction
noiseis about6 dB higherthan the upstreamlevel. Hence, the suction
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Fig.4 Upstream intensity, m =—1 (47 vanes), rotor ¢, =0.025.
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Fig.5 Downstream intensity, m =—1 (47 vanes), rotor ¢z = 0.025.
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Fig. 6 Upstream intensity, m =1 (45 vanes), rotor ¢, = 0.025.

effectis relatively weaker than upstream (cf. Fig. 4) and never more
than 3 dB, which is still significant, of course.

If the number of vanes is decreased to 45, m =1 modes, rotating
in the same sense as the rotor, are generated in the second harmonic.
In Fig. 6 the resulting upstream acoustic intensity is given. Despite
the slightly lower number of vanes, the base level for a narrow gap
is about 5 dB higher than for the m = —1 case in Fig. 4. This shows
once more how sensitive the acousticresponse can be to details one
might intuitively ignore. Similar to the m =—1 case, the suction
effects becomes more important as the gap increases. At a gap of
0.7 the suction effectis 10 dB. The relative increase of the suction
effect for a larger gap corresponds to merging of the rotor wakes,
which favors the first wake harmonic (Fig. 2). As shown in Fig. 7,
the downstream acoustic intensity is modified by suction by 3 dB at
most.
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Fig.7 Downstream intensity, m =1 (45 vanes), rotor ¢; =0.025.

.07

— 1ST WAKE HARMONIC
06 4 — —— 2ND WAKE HARMONIC

.05 -
.04 -

W]
.03
.02

.01 1

-OO T T T T T T T T T
.00 .20 40 .60 .80 1.00

Fig.8 Absolute valueof wake Fourier coefficients, scaled on freestream
velocity; rotor ¢; =0.050, radius = 0.8.
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Fig. 9 Effect of increased rotor blade drag (c; = 0.05) on acoustic in-
tensity for m =0 (46 vanes).

High Drag Rotor Wakes

The effect of a larger drag coefficient of the rotor blades is not a
simple linear scaling of the incident velocity. As shown by Egs. (25)
and (26), before merging drag affects both the wake velocity and
the wake width. The latter is directly connected with the harmonic
content of the incident wake system. In Fig. 8 the first and second
wake harmonics are plotted as a function of the axial distance from
the rotor trailing edge. Indeed, their behavior shows a much steeper
gradient for the smaller gaps than in Fig. 2 for the lower drag co-
efficient. At a gap of 0.4 the amplitude ratio of first and second
wake harmonic has a maximum of about 18. Beyond a gap of 0.4
the second wake harmonic is practically constant, whereas the first
harmonic is still decreasing.

In Fig. 9 computation shows (cf. Fig. 3) that the suction effect is
about 10 dB strongerata gap of 0.1, whereas the level ata gap of 0.8
has hardly changed. This is not unexpected because a higher drag
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Fig.10 Upstream intensity, m = — 1 (47 vanes), rotor ¢; =0.05.
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Fig.11 Downstream intensity, m =— 1 (47 vanes), rotor ¢4 = 0.05.
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Fig. 12 Upstream intensity, m =1 (45 vanes), rotor c¢; = 0.05.

coefficient will enhance the first wake harmonic close to the rotor
with wider and deeper wakes. At larger distances the first harmonic
has undergone more diffusionas aresultof an earlier wake merging.

As shown in Fig. 10 (cf. Fig. 4) the increased suction force is quite
effective in the upstream intensity for the m = —1 case because the
base acoustic level has become lower. A suction effect of more than
5 dB at the smallest gap and more than 9 dB ata gap of 0.4 is really
significant because a gap below 0.4 is common practice. For a gap
larger than 0.4, the suction effect gradually diminishes, which is
explained by the decrease of the amplitude ratio in Fig. 8.

The downstream intensity for m =—1 is shown in Fig. 11. The
suction effect is clearly present but not as spectacular as in the
upstream case. Still, an effect of 3 dB at a gap of 0.4 is remark-
able because the effect for the low ¢, in Fig. 5 is negligible at the
same gap. Note also the much steeper initial gradient at which the
intensity decreases. Despite a drag coefficient twice as high, this
results in a lower noise outputin the practically important gap range
between 0.2 and 0.5.
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Fig. 13 Downstream intensity, m =1 (45 vanes), rotor ¢; =0.05.

The upstream results for 45 vanes (m =1) are shown in Fig. 12.
The maximum suction effect is 8 dB at a gap of 0.4. Here also the
interaction noise of the high drag rotor is less than the noise of the
low drag rotor (Fig. 6) for a gap between 0.2 and 0.5.

Finally, the downstream acoustic intensity in Fig. 13 shows a
maximum suction effect of 2.7 dB at a gap of 0.4. Also in this
case the gap range 0.2-0.5 is quieter for the high drag rotor (cf.
Fig. 7).

Conclusion

An analysis of the acoustic effect of vane leading edge suction
has been presented. This effectis a genuinelynonlinearphenomenon
thatinvolves frequency doubling. This implies that the suction force
associated with the blade passing frequency (1 BPF, usually cutoff)
oscillates at twice the blade passing frequency (2BPF, usually cut-
on). In general the magnitude of the 1BPF wake componentis much
larger than the 2BPF and this frequency carry over can become quite
significant.

It has been outlined how the suction force can be recovered from
the first-order lifting surface theory by a local analysis. A numer-
ical study for a generic fan shows that the suction effect provides
a realistic bottom level for otherwise vanishing modal amplitudes
(m =0). For nonvanishingmodal amplitudes (m # 0), the influence
of the suction force tempers the beneficial effect of a large rotor-
stator spacing. The suction effect can increase the acoustic intensity
by as much as 10 dB.

For low drag rotor wakes the suction effect on acoustic intensity
is only significant for rotor-stator gaps larger than 0.4 duct radius.
For high drag rotor wakes the suction effect on acoustic intensity is
significant for small gaps as well. A maximum effect is observed at
a gap of about 0.4.

In general the acoustic effect of suction has a maximum when
the vane leading edge is approximately at the wake merging station.
For the generic configuration studied, an increase in rotor blade drag
can reduce the interaction noise within a certain gap range. This is
achieved by the more rapid decrease of the second wake harmonic
through an earlier wake merging.

Appendix: Suction Noise Modal Amplitudes

The general derivation of the acoustic field of a body as de-
scribed in the section “Theoretical Modeling” is not very suitable
for the sound field generated by a concentrated line force distribu-
tion. Therefore we return to the original linearized Euler equations
[Egs. (1) and (2)], but now we add a point force f acting in space
time (&, 7) to the right-hand side of the momentum equation. Then,
elimination of the velocity yields the following nonhomogeneous
convected wave equation for the pressure field of an impulsive point
force:

D>\ .
(vz _ §>,,f =St - f Vox-£)  (AD
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Because Green’s function G for the convected-wave operator by
definition satisfies

D* \ -
2 — _5(t — -
we observe that the sound field of the point force is given by

pr=—(f-VG) (A3)

in which the expression for G can be found in Ref. 9. After taking
the Fourier transformin time of Eq. (A3), substitutionof the suction
force distribution given by Eq. (24) for f yields

23

Because of the angular separation, the suction force of the jth vane
is related to the zeroth vane suction force as follows:

1 1 aG
Ds =/ (—ixCr(p)-VG)dp=/ Crip)=—dp  (A4)
h h

Cr, = Cr(p) expli2kj(27/ B)] (AS)

where k denotes the circumferential periodicity of the wake har-
monic generatingthe suctionforce. Summation over the vanes yields

00

po=— > explim(0 - D)1 Unia(r) Mo = SE0 = X1) B

27rn=—oo W=l 2ﬂmu ﬂZ
1
Xexp|:i(x _x) Mo — sgn;; - xL)ﬂmui|/ Uy (Cr(p) dp
h

(A6)

where m =2k —nB. From Eq. (A6) the upstream and downstream
modal amplitudes [Eq. (23)] are readily identified.
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