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Abstract

This paper presents a comparison of the predicted and neebbuwadband noise gen-
erated in a low-speed fan rig. It is assumed that the dominaise generation mechanism is
rotor-stator interaction whereby turbulent wakes from rtbgr interact with the downstream
stator.

The stator is modelled as a cascade of flat plate airfoils.aloeistic response of these
blades is predicted using classical theory for the acoussiponse due a rectilinear cascade of
flat plate airfoils in which a harmonic (single-frequenayge-wavenumber) gust is incident.
This theory has been extended to predict the broadband gemsrated by impinging homoge-
nous isotropic turbulence. The present paper proposes aar@on between measured and
predicted noise power spectra.

Aerodynamic measurements have also been performed atediffedial positions down-
stream of the rotor to obtain velocity spectra and wake @fil

The aerodynamics measurements will be presented in they pawalidate the assump-
tions of homogenous isotropic turbulence made in the noseaim From these measurements,
the turbulence intensity and length scale at the statoirigaetige are also determined as input
guantities to the noise model.
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1. INTRODUCTION

Improvements in the reduction of jet noise and fan tones has@nt that fan broadband noise
IS now a major noise source. It is widely believed that the idamt source of fan broadband
noise is due to the interaction between rotor wake turbeleme the stator vanes.

The first part of this paper deals with the formulation of Clgeenal [1] for the acoustic
power spectrum radiated by a two-dimensional flat plateaesclue to impinging isotropic
homogeneous turbulence. The second part of this paperilgesthe experimental low speed
fan rig at DLR Berlin. The third part of this paper describes #erodynamic and acoustic
measurements for the use in the prediction model. Finalbgraparison is presented between
the measured and predicted sound power spectra, upstrebtdoanstream of the fan stage.

2. ROTOR-STATOR INTERACTION BROADBAND NOISE MODEL

The broadband noise generated by rotor-stator interaigipredicted based on strip theory ap-
plied to the stator. The sound power radiated by each stgpedicted using a two-dimensional
model of the unsteady blade response. Justification for$beotia two-dimensional blade re-
sponse model follows from the findings by Cheong et al [1] inaiimoise predictions obtained
using the current two-dimensional model gave near identgsaults to that obtained using the
three-dimensional noise model of Hanson [2]. Each secsiomiolled at the mid-section radius
to produce an infinite cascade of flat plates of chqrspaced by and with a stagger angte
as shown in figure 1. The coordinate systéms x», z3) corresponds to a unrolled duct-bound
coordinate system whiléy,, y2,y3) is a vane-bound coordinate system withbeing in the
chordwise direction. The cascade is immersed in a mean flesp@#dl; in the direction of
the stator. Velocity fluctuations are assumed to be verylstoatpared to the mean velocity
magnitudel/;. The two-dimensional model also assumes that the flat p&geacle is situated
in a free-field and that the duct has no effect on the sound p@gétion.
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Figure 1. Cascade model and coordinate system

An expression for the sound power has been formulated inhwéaicinfinite number of
impinging vortical Fourier modes interacts with the casgaghch of which is scattered into an
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infinite sum of acoustic modes. The vortical and acousticenadicesm and! are related by
the scattering rule:
l=m-—Vr (1)

whereV is the number of stator vanes an a scattering index, ranging fromoco to co.

The spectral density of sound power per unit sgianmay also be expressed as the double
summation [1]:
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where the turbulence wavenumblgy; is given by:
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Q7F is the modal power response function which specifies thedimensional modal
power due to the'” cascade wave excited by a vortical gust. The details of thesxions are
given in Cheong et al [1]. The response functigp is completely determined by the solidity
s/c, the stagger anglé, the Mach numben/, the reduced frequendy{(;c = wc/U; and the
number of stator vands. The termd,,,,(k1, k2) is the two-dimensional energy spectrum of the
fluctuating velocity component normal to the chord.

2.1. Turbulence spectrum

In this paper, for simplicity, the rotor wake turbulence inging on the stator vanes is assumed
to be axi-symmetric, isotropic and homogeneous. Jusiibicebr this simplistic turbulence
model can be found in figure 4 in which high levels of backgturbulence are observed.
By contrast, the the wakes occur over a much smaller regiom twibulence levels that are
not significantly greater than the background levels. A naetailled turbulence model that
includes the details of the wake is proposed by jurdic eBllwo analytical formulations are
available to express this energy spectrum: the Liepmanrehzodl the von Karman model [4].
The important difference between the models is the highueaqy rate of decay ok, ® and
ng/?’ for the Liepmann’s and von Karman'’s formulation, respeaivin this paper, the sound
power spectra have been predicted using only the Liepmamiehag only small differences in
the predicted sound power spectra were found between thautiwalence models.

The two-dimensional energy spectrum is expressed usirgmaan’s model by:

uA? 1+ A2(4k2 + k)

@ pu—
vl o) = S T e )7

(4)

whereA is the turbulence length scale anTiiis the mean square value of the velocity fluctua-
tion perpendicular to the stator chord.
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3. LOW SPEED FAN RIG

DLR in Berlin, Germany, has performed extensive aerodynanit acoustic measurements
in a low-speed fan rig. The fan stage consists of a 24-blatte eEmd a 16-vane stator. The
stator vanes correspond to an arc of a circle of radigs4 mm. The trailing edge angle is
constant and equal te6.3°, the leading edge angle decreases linearly f#@r&° at the hub to
36.9° at the tip. The stator span .7 mm in length which gives a hub and tip radius equal
to Ry = 138.8 mm and Ry, = 226.5 mum, respectively. Figure 2 shows the location of the
various transducers on the rig. A summary of the transdwsigheir purpose is listed below:

» The fan performance characteristics are obtained bycstatil pressure measurements,
positioned downstream and upstream of the fan stage.

* Microphone arrays are located near the inlet of the duct el a8 downstream of the
fan stage. The inlet array consisted of 23 wall-flush mountestophones, although the
downstream array of sensors was arranged in radial rakesBwiticrophones.

» 2-components hot-wire probes were used to measure theityelo the inlet and in the
inter-stage section.

» Unsteady pressure sensors inside the rotor blades aod saies have employed to de-
termine the surface pressure spectrum.
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Figure 2. Photograph (left) and schematic overview (right) of the DLRiB&nN rig with instrumenta-
tion.

Comparisons of the measured and predicted power spectenpeesn this paper corre-
spond to a rotor blade tip clearance of 0.6mm, an inlet Machbar of 0.04, a pressure ratio of
1.014, and a rotor speed of 3220rpm, which corresponds tace tip Mach number of 0.22.

Aerodynamic measurements were made at two axial positietvgeen the fan and the
stator. The interstage aerodynamics measurements were usatgy 2-components hot-wire
probes located at 2 different axial positionsxgf= 63 mm andz, = 115 mm from the hub
rotor trailing edge. For each axial position, measuremeste made at 40 non linearly spaced
radial positions. The measurement positions near the hdlhentip are separated closer than
in the mid span region to resolve the wall boundary layersagho pulse related to the shaft
rotation frequency is extracted to provide a phase referémcthe measurements. The mea-
surements made over one full rotation are then discretigedi36 equispaced points, leading
to 39 points between 2 blades, giving a circumferential ltggm of 0.38°. All the measured
flow quantities have been averaged over 200 rotations.
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4. INTERSTAGE AERODYNAMIC MEASUREMENTS

The aerodynamic input data required by the noise model &mdd directly from the interstage
measurements. Details of these aerodynamic measuremeiuiseaented below.

The mean velocity components in the vane-fixed coordinat&ryy,, y», y3) are plotted
in figure 3 as a contour map. As expected, the velocity companeghe stator direction/;,
Is seen to be almost constant along any given radius, edlganizhe mid span region. Near
the hub and tip wall regions, small variations in velocityhdae observed. The two velocity
components normal to the chord; andUs, exhibit strong periodicity, showing the presence
of the rotor wakes. In the mid span region the rotor wakes laredompared to the distance
between adjacent blades but much thicker at the tip and lgibn® In the near wall regions,
the mean velocity is affected, not only by rotor wakes, babdly wall boundary layers and
secondary flows. Outside the rotor wakes and the tip and hgibnglU, andU; are relatively
small compared td/;. These measurements confirm that the mean flow impinges ungon t
stator with an angle of attack equal to zero. Furthermoredt@l components of the flow can
be neglected. Both of these findings are consistent with gstsoms in the model.
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Figure 3. Contour map of the mean velocity components in the stator coordysagensat the position
Z2

Figure 4 (a) represents, at positiog, a contour map of ', the local turbulence kinetic
energy normalised by the mean velocity amplitude of the ftfined by:

L (B +B+3)

Tu —
“ UZ+ U2 + U2

(5)

In figure 4 (b) the circumferential profiles d@fu at positionz, is plotted for different
radial positions: the continuous curve is near the huib@b of the span, the dashed curve is in
the mid span a30.4% and the dotted curve is in the tip regiorpat>%.

The rotor wakes are clearly visible, with a maximdra—value of abou%, confined
over a narrow range of pitch angles. Between the wakes, the @l '« is approximately equal
to 2%, which is roughly the same levels as the turbulence inddstehe rotor. High values of
T'u can be seen close to the wall in the hub and tip regions. Bififezs between the rotor blades
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are also clearly visible, especially due to the secondavy glenerated near the hub.
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Figure 4. Contour map (a) and circumferential profiles (bYeffor 7.7% (——), 50.4% (----) and
97.5% (- ) of the span, at the axial positian

In this paper the turbulence model is completly defined byeantkran square value of the
velocityu_§ and length scald. The turbulence length scale is deduced from the work of @anz
al [6], which showed from measurement in a low speed fan @g tie turbulence length scale
is approximatelyl0% of the half wake width.,. While «2 is deduced from the averaged over
the circumference.

Figure 4shows that in the mid-span region, the rotor wakée@rty defined and a value
for L, is readly obtained. However, near the walls, definings more difficult because of the
wall and secondary flow effects. Figure 5(a) and (b) show dineutence intensity and length
scale, respectively, plotted against the 40 radial measemepoints along the span.
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Figure 5. Cirumferentially averaged turbulence intensity (a) and length @eaversus the span at the
positionxs

Figure 5(a) reveals that the turbulence intensity profile loa divided into three distinct
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regions. Near the hub, at approximat8ifo of the span, the turbulence intensity is high be-
cause of strong secondary flow behind the rotor blades. Kedig, at aroun@d0% of the span,
the turbulence intensity and length scale increase raplidlyhe mid span region the turbu-
lence intensity and length scale are much lower. Despitptbsence of wakes, tléu—value
averaged over the circumference is low because the wakéats/edy thin. Thus, the circum-
ferentially averaged'u includes an important contribution from the turbulence étvieeen the
wakes. This finding justifies the use of an axi-symmetriculgbce model. The contribution to
the noise from the wakes compared to that in the backgroundait be evaluated shortly.

5. COMPARISON BETWEEN MEASURED AND PREDICTED SOUND
POWER SPECTRUM

The interstage aerodynamic measurements are perfornanyegl far from the stator leading
edge. Whilst the mean flow velocity can be assumed to be theaamand at the stator leading
edge, the turbulence intensity and length scale must beated to take account of spreading
by the wake.

Previous studies on rotor wakes by Gliebe et al [5] and Gaat [6] show that the tur-
bulence intensity and length scale are roughly proportitma/./z and./z, respectively, in
accordance with classical plane wake theory.

A comparison between the measured and predicted upstredndawnstream sound
power spectra are plotted in figure 6(a) and (b) respectiVély measured sound power spectra
are represented by the continuous curve, while the pretiggectra are shown on the dashed
curve.
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Figure 6. Upstream measured—{ ) and predicted-(---) sound power spectra (a) and downstream
measured— ) and predicted-(---) sound power spectra (b)

The measured broadband spectra presented in figure 6 havelbeéned by frequency
filtering the measured sound powe spectra to remove tone.nthe broadband spectra can be
seen to be closely predicted by the model. Spectral shapatmaiute levels are well predicted,
especially the high frequency decay.
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6. CONCLUSION

The aerodynamics measurements have shown that the flowgmgiapon the stator vanes can
be assumed as a uniform two dimensional flow. The flow can leedalgded into three distinct
regions: the hub, mid span and tip regions. In the mid spalomeifpje wakes generate com-
paratively low levels of turbulence. Near the wall, the tldmce values are larger because of
secondary flow and the wall boundary layers.

A simple analytical model of the turbulence impinging thetst vanes has been shown to
give encouraging agreement with experimental results.speetral shape and absolute levels
are relatively well predicted.

This preliminary study appears to suggest that most of thadivand noise produced in
this low-speed fan rig is generated by secondary flow effeictise walls. More work is needed
to confirm this hypothesis.
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