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ABSTRACT

Duct acoustic network modelling is commonly carried out
using the transfer matrix formalism which is limited to the
low frequency range. The aim of this work is to extend it to
higher frequencies by taking into account the multi-mode
acoustic propagation. The first step is to compute, via finite
element discretisation (FEM), the multi-port multi-modal
scattering matrix of each element. The second step is to
transform it into a scattering matrix for the acoustic power,
relying on assumptions which are often used for the study
of medium-to-high frequency broadband noise.

The method is applied to typical elements such as expan-
sion chamber mufflers and air conditioning veins. In all
cases, the power-flow model is compared to the FEM solu-
tion in terms of Transmission Losses. It is concluded that
this simplified model is a reliable tool for the analysis of
complex networks encountered in HVAC systems.

1. INTRODUCTION

In helicopters, cabin and cockpit heating is performed by
taking hot air from engine compression stage. This heat is
mixed to ambient or external air into a HVAC through an
injector in order to reach the temperature setpoint. Acous-
tically, it results in a high frequency hot jet noise source
propagating through the distribution system ducts before it
radiates into the cabin and cockpit.

The matrix transfer method which is widely used in the
industry is limited to the propagation of plane waves in
the ducts and is therefore not suited in the present context.
Though more stable numerically, the scattering matrix for-
malism for plane waves suffers from the same limitations
but is better suited for network modelling as it allows an
easy connection between sub-systems [1,2]. In order to
treat high frequency noise propagation in the system, the
aim of this work is to develop a power flow scattering ma-
trix formalism containing multi-modal information. This
is achieved by first calculating the multi-modal pressure
scattering matrix of a sub-system via the Finite Element
Method (FEM).
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2. THEORY

FEM allows to calculate duct modes shapes and associ-
ated cut-off frequencies at each port of the element, or sub-
system. Following Kirby’s work on matching methods [3],
a scattering matrix for the acoustic pressure propagating in
a multi-mode context is constructed. The latter links in-
coming mode coefficients AT = (AT, AT,,...)" at port
J with outgoing ones A, = (A7, A7 ,,...)" at port i as
illustrated in Figure 1. Mathematically; this means that

A7 =) Si A,
J

where the block matrix S; ; is the scattering matrix from
port j to ¢ and the summation is made over the total number

of ports.
+ —
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Figure 1. Illustration of a sub-system (here with 3 ports)
showing incoming and outgoing acoustic pressure waves.

In order to transform it into a multi-port scattering ma-
trix for the power flow, it is assumed that : (i) all propa-
gating modes are uncorrelated and (ii) each mode carries
the same quantity of acoustic energy. With this in mind,
coefficients S’};V of the power scattering are defined as the
power loss from port j to port 7 can be written as

B (Af)'diag(S! KSi ;)AS
= ¥ T
(Aj )t KjAj
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Where K; is the diagonal matrix containing the wave num-
bers for the propagating modes in port 7. The calculation
is carried out with assumption (ii) which means that at
each port the quantity k,,|A,,|? is constant and we can take
A, = (k)" /2, here index n refers to the mode number.

3. RESULTS

The accuracy of the power method is assessed in the case
of two chained 2-ports sub-systems where each sub-system
consists of an expansion chamber with or without porous
material. The main body length of the expansion chamber
of cylindrical shape is set to L = 40 cm while inner and
outer radius 7, and 7}, are respectively set to 4 and 6 cm.
The chamber is either filled with air (purely reactive) or
with a rock mineral wool placed between r, and 7 (dissi-
pative case). Here the equivalent fluid model is employed
and Biot parameters are taken from [4] : tortuosity
= 1, resistivity o = 14066 N s m—4, porosity & = 0-954,
viscous and thermal characteristics A =91-2 ym and A’ =
182-4 pm. Air parameters are: air mass density p = 1-213
kg m~3, speed of sound ¢ = 342-2 m s~!, dynamic viscos-
ity 1= 1-84 x 107° kg m~! s~!, heat capacity ratio v =
1-4 and Prandtl number Pr = 0-71. The same FEM mesh
illustrated in Figure 2 is used in both configurations.
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Figure 2. FEM mesh of the expansion chamber.

Figure 3 shows the Transmission Losses (TL) due to the
association of two similar expansion chambers connected
to each other. Results are averaged over the 1/3-octave fre-
quency band as

[l o) df
(W3) df

TL = —10log 3)

Jmaz
Smin
Results referred as ‘Pressure matrix’ correspond to the
exact FEM calculation wheres "Power matrix’ corresponds
to the 2-ports simplified scattering model expresses in
terms of acoustic power. It can be observed that discrep-
ancies do not exceed 3 dB, which is acceptable from an
engineering point of view. These results are encouraging
as this purely reactive scenario is probably not ideal to
assess the power method due to resonance effects which
can not be properly predicted with the method.

Figure 4 shows the same comparison except that the
second expansion chamber is now filled with a porous
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Figure 3. TL computed with the *Pressure matrix’ (exact)
and the "Power matrix’ for two rigid expansion chambers.

material.

70

.
I Pressure Matrix

o [ ]Power Matrix ]

Transmission Loss [dB
w H ()
o o o

: : :

| | |

N
o
T
I

-
o
T
I

400 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000
Frequency [Hz]

Figure 4. TL computed with the *Pressure matrix’ (exact)
and the "Power matrix’ for a porous and a rigid expansion
chamber.

Results are in good agreement and it is observed that the
power method tends to under estimate the TL. Differences
between the two methods tend to increase at high frequen-
cies showing a maximum deviation of 8 dB attenuation at
5 kHz. Nevertheless, the method is reliable for engineering
purposes with potential applications for the simulation of
acoustic waves in complex realistic networks.
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