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Engine fan noise is one of the dominant noise sources of civil aircraft. The purpose of the present work is to
develop a tool for fan noise prediction which can be integrated into the design process of innovative fans. Fan
noise is predicted here by means of analytical models. The rotor-stator interaction noise due to rotor blade wakes
impinging onto the stator vanes is the single noise source mechanism considered in this first approach. This
source is known to be the major contributor to tonal noise and broadband noise. The model provides a sound
power spectrum that includes both the broadband and tonal components and an advanced description of the
sound field based on acoustic duct modes over the whole range of fan operating conditions.

1 Motivations

Engine noise is a major constraint for the design of future
environmentally friendly civil aircraft. Therefore it is
necessary to integrate its prediction into the design process
of future aero-engines - the so called ,,design-to-noise®
approach. The work presented in this paper is part of a
project among DLR aiming at developing a tool for fan
noise prediction. It is the continuation of a previous study
presented by the authors [1].

Fig.1 presents the three approaches utilized by the scientific
community to develop new engines: experiments,
numerical simulations and prediction. Prediction consists in
decomposing the global system - the engine - into
elementary sub-systems, which are described by simple
models capturing the relevant physical mechanisms. The
behaviour of the global system is obtained through the
assembling of the sub-systems. The use of simplified
models allows for markedly reduced computation time,
which in turn makes it possible to investigate a large
number of engine parameters and to assess their impact on

global engine performance.
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Fig.1: Research methodology for future engine design.
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2 Description of the fan noise model

Compared to the fan noise model developed previously by
Heidmann [2], the investigation of various fan
configurations (high-bypass-ratio fan, contra-rotating fan,
open rotor) will be possible using the model described
hereafter.

2.1 Structure of the tool

The present tool is structured into distinctive modules
which can be exchanged and/or modified depending on the
fan configuration investigated. The input data needed for
the noise generation are determined by analytical
aerodynamic models. Moreover, an advanced description of
the sound field through duct modes has been implemented,
which enables to account for particular source distributions
and to assess the transmission into the far field, the liner
attenuation and the transmission through blade rows.

As shown in Figures 2 and 3, the tool is structured in three
separate modules dedicated to noise generation,
propagation and radiation, respectively. Several noise
sources can be implemented independently. Pre-processing
modules (“steady aero.” and “unsteady aero.”) based on
analytical aerodynamic models provide the acoustic models
with the required aerodynamic input data.

I

.

Fig.2: Typical turbofan engine in use on civil aircrafts.
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Fig.3: Structure of the DLR fan noise prediction tool.

2.2 Noise generation

Sound generation is caused by the unsteady flow
fluctuations. Therefore these are relevant inputs for the
noise model. The velocity fluctuations are computed by the
“unsteady aero.” module from the steady flow velocities,
which are provided by the “steady aero.” module. Noise
generation is computed in two steps: i) the noise generation
is assessed for non-interfering single airfoils in free field
and ii) the source interference and duct confinement effects
are considered in a second step (see section 2.3). The free-
field model is derived from Amiet’s theory [3]. It accounts
for subsonic compressible flow and source non-
compactness.

The source modelled here is the rotor-stator interaction
noise: the wakes of the rotor blades impinge onto the stator
vanes and generate tonal noise at the harmonics of the blade
passing frequency (BPF) and also broadband noise. This
source is known to be a dominant noise generation
mechanism for subsonic fans of modern aero-engines along
with rotor self-noise.

Formulae for the free-field tonal sound power and for the
free-field broadband sound power spectral density are given
in Equations (1) and (2), respectively.
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a, b: empirical coefficients.

St: Strouhal number based on the integral length scale of
stator inflow turbulence.

h: harmonics of the rotor blade passing frequency.

k: acoustic wave number.

S: duct section area at stator station.

V, c: stator vane count, stator vane chord length.

G(o0): compressible Sears function (see [3] and [4]).

o: Sears non-dimensional frequency.

Po, Co, My, Up: air density, sound speed, Mach number and
velocity magnitude of stator inflow.

Uno(SE), Upe(h): turbulent and periodic wake velocity
spectra of stator inflow.

Remark: P"(S?) and u,,.,(S?) are spectral densities.

2.3 Modal distribution

The sound scattering due to duct confinement is accounted
for when the noise source is modelled by a set of point
sources distributed along the stator vane leading edges. This
source distribution can in turn be related to duct modes
through the duct Green’s function. Equations (3) and (4)
yield the modal power distribution P, given the free-field
sound power P.

I I 1
Pmn :Hmn -P 3)

p M =m, 1. pl

m “)
H,,' and H,," are the modal duct transfer functions for
tonal and broadband noise, respectively. They are computed
for a given distribution of sound sources by means of the
duct Green’s function for a hollow, hard-walled duct
without flow. Details for computing this function are given
by Rienstra [5]. The modal duct transfer functions are
sensitive to the location, amplitude and phase of the
sources.

For tonal noise we assume a uniform radial distribution of
correlated monopoles located on the stator vane leading
edges. The vane-to-vane phase shift is set by the delay of
rotor wakes impinging onto the vanes and is therefore
consistent with the Tyler & Sofrin theory [6]. For
broadband noise we consider a uniform radial distribution
of uncorrelated monopoles located on the stator vane
leading edges.

This decomposition of the sound field into modes allows
for considering the effect of the different parts of the duct:
for example, the transmission through a blade row or the
influence of a lined section. In the present study it is
utilized to assess the transmission into the far-field.
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2.4 Transmission into the far field . MAP OF FAN EFFICIENCY o
The sound transmission at the duct openings into the far 14 l”g“
field is computed at the different frequency lines for each -
mode (m,n) propagating in the duct. The transmitted power o 1251 .
P’,,, is obtained by multiplying the incident in-duct power £ B
P, by the the modal energy transmission coefficient 7, as ; 12} -
shown in Equation (5). It should be noted that T, does not 2 |
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A simple model using low- and high-frequency asymptotic
solutions has been implemented to compute 7,,,,. The high- EY 40 50 60 70 100 .78
frequency solution for modes above cut-off was derived by NASRFLLAVRATC tom
J os:ph [7]. Itis given by Equation (6) where o,,, is the cut- Fig.4: Map of fan aerodynamic efficiency.
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The low-frequency solution for the plane wave is given in -, 1120
Equation (7) (see [8]). The value of a is set so as to ensure o M
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E 1.2 4115
2 ?
7Wmn —da '(k}?) @) §115
z F110
e 1.1F
105
3  Results "
A simulation was performed for a generic conventional fan 4Ass LN EARE L 0 0 ©
with 18 rotor blades, 24 stator vanes and within the
subsonic range of tip rotor speed. Fig.5: Map of fan broadband noise level (dB-scale).
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broadband components, respectively. o 1%y
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Fig.6: Map of fan tonal noise level (dB-scale).
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3.2 Noise spectra

Noise spectra at the operating points identified in red in
Fig.6 are shown here. The spectra include both tonal and
broadband noise components. The black, red and blue lines
depict the free-field generated spectrum, the in-duct
spectrum and the far-field radiated spectrum, respectively.
The typical resonance effects occurring near mode cut-off
frequencies are clearly visible in the in-duct spectra. At
high frequencies, the free-field and in-duct spectra of
broadband noise coincide as the effects of duct confinement
become negligible in that frequency domain.

At low fan speed (M;;,=0.25, Fig.7) the 1-BPF and 2-BPF
tones do not show up in the in-duct spectra because no
Tyler & Sofrin modes can propagate. This is a result of the
so-called “cut-off design” of the fan. With the present 18-
blade/24-vane configuration, the cut-off design is obtained
only at low speeds. As fan speed increases the BPF-
frequencies increase too, and the related Tyler & Sofrin
modes can propagate (see spectra in Fig.8 for a medium fan
speed case, M,;,=0.50).
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Fig.7: Noise spectra for M,;,=0.25.
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Fig.8: Noise spectra for M,;,=0.50.

3.3 Modal content

The following Figures 9, 10 and 11 depict some modal
power distributions P,,, of the sound field. The color-axis
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corresponds to the modal sound power, the x-axis to the
mode azimuthal order m and the y-axis to the mode radial
order n. The modal content of the 5-BPF tone is shown in
Fig.9. The correlation of tonal sources leads to non-zero
sound power solely for cut-on Tyler & Sofrin modes. Here,
these are the modes of azimuthal orders -30, -6 and +18. All
other propagating modes (in blue) carry zero sound power
due to destructive vane-to-vane interferences. Fig.10
presents the modal content of broadband noise near the 5-
BPF frequency. Given the uniform radial distribution of
uncorrelated monopoles, the modes near cut-off turn out to
be dominant. The transmitted part of the previous modal
content is shown in Fig.11. With the model currently
implemented (Eq. (6)) the termination has a significant
effect only for modes near cut-off.
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Fig.9: Modal content of the in-duct 5-BPF tone (dB-scale).

41

40

2]

39

138

IAHI .

-
=}
j—

a7

(-]

136

35

34

RADIAL MODE ORDER n

4t
33

5| a2

|
ot HITHH T
-40 40

(31

30

-30 -2 30

0 -10 0 10 20
AZIMUTHAL MODE ORDER m

Fig.10: In-duct broadband modes (dB-scale).
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Fig.11: Transmitted broadband modes (dB-scale).
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Fig.12: Computation steps from aerodynamic inputs to far-field acoustic results.

4  Summary and outlook

An improved version of a new prediction tool for fan noise
has been implemented and tested. The different
computation steps are schematically depicted in Fig.12. The
“unsteady aero.” module provides input parameters for the
noise generation, which assumes non-interfering airfoils in
free field. The interference effects due to the location of the
sources relative to each other and the duct confinement are
accounted for in the source distribution model. A detailed
description of the sound field based on duct modes has been
implemented and will be useful to investigate the effect of
the different parts of the duct.

In addition to the transmission at the duct terminations
modelled in the present study, future work will focus on
assessing the liner performance and the transmission
through a blade row. Further significant sources for fan
noise such as rotor trailing edge noise and buzz-saw noise
will also be implemented.

The work presented here forms the basis for a fan noise
prediction tool that will be dedicated to the assessment of
future engine concepts (contra-rotating fan, open rotor,...).
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