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Summary

In this work, acoustic performances of a novel liner concept based on perforated screens backed by
air cavities are investigated both numerically and experimentally for circular ducts with mean flow.
Dimensions of the cavity are chosen to be of the order or bigger than the wavelength so acoustic waves
within the liner can propagate parallel to the duct surface. In this case the liner becomes non-locally
reacting and this gives rise to additional resonance effects which renders the attenuation more effective
over a broader frequency range. This work emanates from the Cleansky European HEXENOR project
which aim is to identify the best multicavity mufflers configuration for reduction of exhaust noise
from helicopter turboshaft engines. In order to predict the mufflers’ acoustic performances, a special
boundary integral method is presented. Using a tailored Green’s function for hard wall circular
ducts containing uniform mean flow, the numerical technique only requires the discretization of the
perforate screen separating the central channel from the air cavities. Comparisons with experimental
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measurements are shown in the no-flow case. Flow effects on acoustic performances are shown.

PACS no. 43.55.Rg

1. Introduction

Because exhaust noise from helicopter turboshaft
engines [1] still needs an increased attenuation,
the HEXENOR project (Helicopter EXhaust Engine
NOise Reduction) supported by Cleansky European
program, focused on the development and manufac-
turing of a muffler to be mounted on a turbo-shaft en-
gine exhaust duct. The specifications provided by the
Helicopter manufacturer Turbomeca which in addi-
tion to be compatible with the exhaust engine design,
require to find a good compromise between sound
reduction performance, weight and cost constraints.
The liner concept based on perforated screens backed
by air cavities was therefore selected. This type of
liner is commonly used in inlet aircraft engines for
which perforated plates are backed with small cavi-
ties (honeycomb-like structures). These locally react-
ing liners have narrow peaks of absorption around the
liner resonant frequency [2]. To extend the absorption
bandwidth, double or triple layer structures locally
reacting liners can be used [3], but this has the con-
sequence of increasing the muffler volume and weight
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which may cause substantial departures from the orig-
inal specifications.

One way of making broadband liners is to enlarge
air cavities so that sound propagates not only in the
direction normal to the liner but also along the trans-
verse directions. This gives rise to additional resonant
effects producing more attenuation over a broader fre-
quency range. The idea of partition spacing in the
air backing is discussed in the standard textbook of
Ingard [4]. The concept was pushed further by Jing
et al. [5] for sound propagation in rectangular ducts
with mean flow and was also investigated by Allam et
al. [6, 7] for circular ducts lined with micro-perforated
panels (MPP) backed by annular air cavities. In all
above-mentioned references, the analysis is restricted
to the plane wave mode only. In these circumstances,
some of the physical mechanisms involved can be de-
scribed and anticipated by analyzing the resonance
frequencies of the liner sub-cavities as in [5]. In the
context of the present work, the broadband nature of
combustion noise [1] and the exhaust duct dimensions
imply that the frequency range of interest typically
lies within the interval ka € [0, 5] (k is the wavenum-
ber and a is the duct radius) so the muffler necessarily
operates in multimodal propagation conditions.

Figure 1 shows a picture of the multi-cavity muf-
fler used for our experimental campaign. The muffler
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Figure 1. Experimental barrel showing the cavities.

erforated plate

Figure 2. Circular multi-cavity muffler.

which was designed and manufactured by the French
Company ATECA, is composed of a 0.5 m long duct
with diameter 2a=15 cm. Cavities size can be var-
ied thanks to 9 removable disks separating the axial
cavities and 16 ‘combs’ separating the angular cavi-
ties. The plate separating the cavities from the central
channel is perforated by laser drilling. The geometri-
cal characteristics of the liner are the cavity depth
h = 10 mm , the plate thickness ¢ = 0.5 mm , the
hole diameter d = 1.89 mm and the perforation rate
o = 2.51%. The methodology used in this paper is
based on the determination of the scattering matrix
of the muffler using both numerical and experimental
approaches. Numerical computations are carried out
via integral representation for the acoustic potential
whereas experimental measurements are conducted on
an acoustic test bench developed during the European
project DUCAT [8g].
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2. Determination of the scattering
matrix

The theory starts by expressing the acoustic pressure
in the rigid duct regions I and II (see Figure 2) in
terms of circular modes, i.e.

p(r,&,z,t) = men(z)qlmn(r? a)efiwt (1)

where symbol ’ signifies that only propagating modes
are retained in the summation. Here, normalized
modes are explicitly given by

\Ilmn(ry 0) - Nanm(Cmnr)eimea (2)

where Ny, is a normalization factor [9], J,, is the
Bessel function of the first kind of order m and X,
is the n'" root satisfying the hard wall boundary con-
dition: J/,({mna) = 0. Integers m and n denote re-
spectively the angular and radial orders of the duct
modes and P,,,,(2) is the associated modal coefficient.
These coefficients combine pressure waves traveling in
both positive (+) and negative (-) z directions, so we
can write P, (2) = P} (2) + P, (2). By construc-
tion, we have Pt (z) = Pnfn((])eikinz where

—kM =+ K,

S
mn 1_M2 ’

Fomn = VK2 — (1= M?)¢2,,,
is the axial wavenumber for mode (m,n), k = w/c
where ¢ is the sound speed and M = U/c is the
Mach number. The incoming and outcoming sound
pressure vectors are defined with respect to the left
and right rigid duct sections z;, and zr. They contain
the value of modal coefficients at the left and right
locations. For instance PI* = (... P (21),...) etc.
where m and n correspond to all propagating modes.
The multimodal scattering matrix is defined as the
linear relationship between incoming and outcoming
sound pressure vectors and

PI— Sll 512 PI+
( pIl+ ) = <521 Szz) ( pl— ) . (3)

The procedure to measure the scattering matrix
(with no flow) has been published elsewhere [10] and
this is briefly reminded here. The acoustic source is
driven with a white noise signal in the frequency
range 0-3800 Hz which means that the adimensional
wavenumber ka remains below 5.3 and the number
of propagating modes never exceeds N = 8 modes.
The acoustic pressure field is measured at 240 points
over the cross-section which corresponds to 15 radial
positions and 16 angular positions evenly spaced by
22.5°. A modal decomposition is carried out using the
Fourier-Lommel transform which yields the complex
modal coefficients P, (z).

The numerical model is based on the integral repre-
sentation for the acoustic velocity potential ¢ taking
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into account the continuity of normal acoustic dis-
placement (the Myers boundary condition) across the
perforate plate:

v D*G
o = <p+Z/p ( +ws01> T

where G is the duct Green’s function satisfying the
hard wall condition:

dr(4)

77) 9 ,9 i —
I
m,n mn
with ¥, (2) = %ﬁ;”‘z‘ and D/Dt = —iw +

Ud/0, stands for the convective derivative with flow
velocity U and ¢' is a given incident field. Here, w
is the angular frequency, p the density and where Y
is the plate acoustic admittance which is zero at the
edges of I'; and 1 everywhere except in the close vicin-
ity of the edges (this regularization procedure permits
to avoid singular behavior at the junction with the
rigid part of the duct [11]). In (4), we consider the
partition into J cavities where it is understood that
the facing perforate plate I'; separates the cavity €2;
from the main duct. To simplify the analysis the cavi-
ties are all identical with rectangle-like shapes in # and
in z. By application of Green’s theorem, the potential
; in the cavity also satisfies an integral equation:

- [ Gongar. (6)
Ly

where G stands for the Green’s function associated
with the cavity with rigid walls. After discretization
of Egs. (4) and (6), scattering matrix coefficients for
the acoustic pressure are obtained using the linearized
Euler equation: p = pDy/Dt.

The transmission loss (TL) is defined as

WI+ WI-‘r
TL = 10log;, W = 10log;, % H+,

where Wi, = Dyn|Pmn|? and modal sound power
coefficients are given explicitly by Joseph et al. [12].

(7)

3. Comparison between experimental
and numerical results

We consider first the configuration comprising Ny x
N, = 8 x 16 = 128 cavities (these values correspond
to the partitioning with respect to the azimuthal (6)
and axial (z) direction). This configuration behaves
as a locally reacting liner with a wall impedance

zvl = 7, —icot(kh),

and best attenuation is expected when the imaginary
part of Z%! is zero. Here, the plate impedance model
of Allam et al. [6] is used in our calculations. The
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Figure 3. Transmission Loss for the locally reacting liner.
Computed (straight line) and measured (dashed line).

Figure 4. Transmission Loss for the muffler configuration
comprising Ng X N, = 4 x 4 = 16 cavities. Computed
(straight line) and measured (dashed line).

sound TL illustrated in Fig. 3 assuming an equi-power
modal distribution with random phases which char-
acterizes the combustion noise. Results are in good
agreements showing a TL peak near the resonance
at ka = 2.32 and this value corresponds exactly
to the liner resonant frequency. The 20 dB discrep-
ancy between measurements and the calculation are
thought to be due to some lack of precision when mea-
suring highly attenuated pressure levels. The pres-
ence of a unique peak is typical of SDOF locally
reacting liners. The muffler configuration comprising
Ng x N, = 4 x 4 = 16 cavities is now investigated.
In the first part of the spectrum, transmission losses
of Fig. 4 show similar trends as in Fig. 3 and from
ka =~ 3.5, a secondary peak emerges showing a max-
imum attenuation at ka =~ 3.8. A closer analysis re-
veals that this corresponds to the cut-off frequency for
the first radial mode (m,n) = (0,1). Two small peaks
can also be identified (especially from the computed
results) which correspond to the cut-off frequencies
for azimuthal modes (£2,0) and (£3,0).
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Figure 5. Computed Transmission Loss for the locally
reacting liner (dashed line) and the 4 x 4 configuration
(straight), M = 0.05.

4. Flow effects

The presence of a flow in the central airway modi-
fies the plate impedance as well as the Myers condi-
tions across the plate (this is taken into account by
the convective derivative in the integral equation (4)).
According to Allam et al. [6], the increase in the nor-
malized resistive part is proportional to M /o whereas
the reactive part slightly decreases. In the case of a
locally reacting liner, acoustic performances of Figs.
5 and 6 show a shift of the resonant frequency of the
liner (around ka =~ 3 when M = 0.1) as well as a
broadening of the absorption spectrum, this fact was
also observed and discussed in [2] for the plane wave
mode. These results are compared with the 4 x 4 con-
figuration. Here again, the presence of resonant cav-
ities gives rise to other TL peaks corresponding to
the cut-off frequencies for azimuthal modes (£2, 0) for
M = 0.05 and (£3,0) for M = 0.1. The drawback is
a degradation of performances around the locally re-
acting liner resonant frequency. When M = 0.2, our
calculations in Fig. 7 show that additional resonant
and scattering effects expected from the 4 x 4 config-
uration are somewhat smoothed out by the presence
of the flow and classical locally reacting linings pro-
vide the best attenuation.

5. Conclusions

Sound propagation through a circular multi-cavity
muffler has been analyzed both numerically and ex-
perimentally via the determination of the scattering
matrix. The measurement procedure allows to con-
sider multimodal propagation conditions up to the
non-dimensional frequency ka = 5.3 which corre-
sponds to 8 propagating modes. Scattering matrix co-
efficients are computed via an integral representation
for the acoustic velocity potential in circular ducts
with uniform flow. In the no-flow case, both mea-
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Figure 6. Computed Transmission Loss for the locally
reacting liner (dashed line) and the 4 x 4 configuration
(straight), M = 0.1.
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Figure 7. Computed Transmission Loss for the locally
reacting liner (dashed line) and the 4 x 4 configuration
(straight), M = 0.2.

sured and computed results are found to be in good
agreement and the presence of large cavities behind
the perforate plate gives rise to additional resonant
and scattering effects which broadens the absorption
bandwidth. However the presence of the flow in the
central airway tend to smooth out these effects and
this may render the multi-cavity muffler less efficient
than standard locally reacting liners. Of course, these
conclusions are valid for the particular case treated
here and the benefit of the multiple-cavity resonance
lining largely depends on the duct and cavities dimen-
sions as well as the nature of the incident field.
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