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This paper provides an overview of the key contributions from MWL to mode-based duct aeroacoustics
and multi-port modelling, with particular emphasis on methodological advances and applications developed
over the last decade.

1 Introduction

Fluid machines such as fans, compressors, and turbines constitute a broad class of devices often integrated into pipe and
duct systems. To study sound generation and propagation within such systems, sound pressure levels can be measured at
multiple points along the duct. From these measurements, duct acoustic modes can be extracted, enabling the calculation
of sound power and other relevant acoustic quantities. Most fluid machines, as well as other duct components such as
silencers, can be represented using multi-port models. These black-box models assume that the system is linear and time-
invariant, allowing for a frequency-domain formulation of the acoustic problem. The Marcus Wallenberg Laboratory for
Sound and Vibration Research (MWL) at KTH has been actively engaged in the development of mode decomposition
techniques and multi-port modelling methods since the 1990s [1-17]. Early work in this area was primarily experimental,
relying on carefully designed duct measurements. More recent research has combined these modelling methods with
numerical data, reflecting the rapid advances in computational capabilities. High-fidelity computational fluid dynamics
(CFD) simulations can now be used to capture complex aeroacoustic phenomena in fluid machinery. One of the principal
challenges in this context is the extraction of the acoustic field from the total turbulent flow field. By projecting the
simulated flow onto duct acoustic modes and correlating their propagation using the corresponding modal phase speeds,
both spatial and temporal (phase) averaging can be performed. This significantly enhances the separation of coherent
acoustic contributions from hydrodynamic fluctuations.

2 Aeroacoustic Multi-Ports
2.1 Modes in ducts and wave decomposition
The complex valued acoustic pressure p in a duct can be expanded in propagating waves or modes [12]:
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where N is at least the number of cut-on modes, x,y are co-ordinates over the cross-section, z the duct axis, ‘Pn is the

mode shape for the n:th mode, £ the axial wavenumber and +/- denotes propagation in pos/neg z-direction.
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Figure 1: Modes in a circular duct.

The eigenmodes can be based on a rigid walled duct and a plug flow forming a complete functional basis. The axial wave-
number should include visco-thermal losses as described e.g. by: C Weng, F Bake (2016), Acta Acustica united with
Acustica 102(6), 1138-1141.

Assuming we sample the field at M>=2N points m=1,2,...M in space we can write:

. (5.)
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This is the basis for so called wave decomposition methods [2-3,12]:

e

The accuracy will depend on the condition number of the modal matrix M, i.e., the sampling positions. At each mode cut-
on frequency this matrix is close to singular creating a large error sensitivity. .
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Figure 2: From Ref. 12 using a 12 Mic. array to separate 3 Modes i.e. a double overdetermination. But still optimizing
the Mic. Positions based on minimum condition number is important.

2.2 Definition of a Multi-Port or Black-Box model [1,12]

Assume linear and time-invariant systems then a multi-port in a duct can in (the Fourier domain) be characterized by:
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where p+. represent travelling modal pressure amplitudes and S is the scattering matrix and ps represents the source part.
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Figure 3: Test rig [12] for determination of a multi-port or black-box model data based on Eq. 4. Assuming the multi-
port has two ports or one inlet&outlet denoted a and b.

Advantages (Experimental/Numerical) of the Multi-Port Method:

e Projecting the pressure field on the acoustic modes will suppress Hydrodynamic pressure fluctuations.

e The effects of boundary conditions are eliminated i.e. reflection free source data can be determined.

e Complex systems (low & intermediate frequency range) can be broken down into sub-elements each described
by a multi-port, see Fig. 4.

In practice the full multi-port approach is restricted to the low- and mid-frequency range or (say) up to 10 modes.
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Figure 4: Representing a ducted fan as a cascade of multi-ports.

2.3 Experimental/Numerical Characterization

1. Test the multi-port using at least N different incident fields and measure p: and p. for each case this gives an
equation for the scattering-matrix S:
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where the pressure data should be uncorrelated with the external source to suppress hydrodynamic pressure
fluctuations. This is achieved by using the signal driving the external sources (“loudspeakers™) as a reference
and, e.g., measuring transfer functions “pressure/source signal”. Of course, over-determination can also be used
in this step [5,12].

2. Once S is known the source strength can be directly determined from:
P+ =P+ —SP-
3. This is used to estimate the source cross-spectrum G matrix:
G, =E[p,.p;, |
where E[..] denotes an ensemble average.
4.  With flow there is often a problem with low S/N ratios for the source data for the broadband noise part. In

experiments this can be handled by using long measurement times. With numerical data this is more difficult BUT
one can use correlation based on sets (k) with >> 2N samples in each:

Ps+ = Tkps+,k

where T is a transfer-matrix moving the data to the reference cross-sections (a & b) [13,15].



5.

For experimental determination one is limited by the number of pressure probes. A solution is then to measure the
reflection matrix R for the test rig which leads to:

. =(E-SR)p, =(E-SR)E+R)'p

C

This formulation only requires sets with >= N data points on each side [2,3,5,14].

Pros/Cons Experimental/Numerical multi-port characterization:

1.

2.

3

In experiments only pressure data at the walls are normally possible to measure.

In simulations all points can be used AND all fields are known. This means wave decomposition can be based on
both pressure and e.g. axial velocity.

In experiments only wall mounted sources are normally used to determine the scattering, which makes excitation
of single modes difficult. In simulations excitation of single incident modes is no problem.

In experiments a low S/N in source strength data can be handled by using a long measurement time. For simulations

normally only a short time record is possible (<<l s). BUT a very large number of spatial sampling points are
available.

Examples of Multi-Port studies done at KTH

In this paper we focus on flow duct acoustics and applications with a number or propagating modes, i.e., beyond the low
frequency or plane wave range. In the list of Refs. the works we have done related to this corresponds to Refs. [3,12-16].
In addition we can add the last KTH PhD thesis on this topic by Stefan Sack. The codes for wave decomposition developed
by Dr. Sack are also available as open source [17]. The remaining Refs. are related to the plane wave range often connected
to co-operation with the Swedish automotive industry via the CCGEx centre at KTH.

As an example of our recent work on multi-ports models (Exp & Num) the next section will present some results from
the EU-project IDEALVENT.

3.1 Aircracft Climate Control Systems (EU-Project IDEALVENT)

Figure 5: As part of the EU-project IDEALVENT noise control of the axial

blower (compressor) used in an aircraft climate system was investigated.

Two aeroacoustic problems were of interest in this project:

Analysis of a Liebherr axial compressor for aircraft climate systems [13].
Analysis of single and double (tandem) diaphragms (orifices) [14,15].
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https://www.ccgex.kth.se/aboutccgex

Experimental tests of the axial compressor were done at VKI in a rig designed both for acoustics and optical access to

allow for flow measurements using LDV. Numerical simulation of the compressor was also done and multi-port source
data was extracted in both cases. The results are presented in Ref. 13.
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Figure 6: Measured source cross-spectrum for the axial blower in the IDEALVENT project using the rig at VKI and the
method described in Sec. 2.3. The BPF tone dominates the noise and propagates in 4 cut-on modes [13].

The tests of the orifices were done at KTH in the rig shown in Fig. 7.
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Figure 7: Test rig set-up at KTH for the tandem orifice measurements [14]. Duct diameter D =150 mm and orifice open
area ratio 0.6. The tests were done for flow speeds up 30 m/s using air at 20 C.

An important question in this case was the interaction between the two orifices. The multi-port model will include acoustic

installation effects but not aerodynamic installation effects. Because each multi-port is defined with an undisturbed inflow
- a condition that will normally not be satisfied when two elements are mounted close to each other.
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Figure 8: Installation effects for tandem orifice plates. Predicted tandem assumes one can use each “undisturbed” orifice
multi-port and connect in cascade [14].



Both the experiments and simulations demonstrated that the scattering was not sensitive for aerodynamic installation
effects. Even with a separation of just 2D the scattering data were only weakly affected, see Fig. 9. The source data were
much more sensitive and required at least 10D separation to reduce the effect to ~ 1 dB on the average [14,15].
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Figure 9: Measured and predicted scattering for the tandem orifice configuration tested in Ref. 14.
The separation is 2D and the Mach-number 0.078.

4  Summary

e The full multi-port approach gives a complete characterization of a duct element (scattering + sound generation).

e Applying the multi-port procedure to experimental or numerical data will eliminate the effect of boundaries, i.e.,
represent the system under reflection free conditions.

e  The projection of pressure data on acoustic modes, i.e., the basis of the modal decomposition used in the process
will reduce the influence of hydro-dynamic disturbances (“turbulence”).

e The low frequency plane wave or 2-port case is today well established for the passive part.

e  But multi-port methods beyond the plane wave range are also important as demonstrated, e.g., by the EU-project
IDEALVENT [13-15].

e Multi-port models have traditionally been applied to fluid machines, e.g., compressors and fans and the data
(passive/active) determined experimentally. But the methods are also very useful for post-processing numerical
data based on advanced CFD to extract acoustic fields from the flow [13,15].

Wave decomposition and multi-port characterization rely on prior knowledge of the duct modes. The standard approach
assumes rigid walls, so-called plug flow, and includes thermo-viscous damping, which is adequate for most gas-flow
applications. However, turbulent damping and refraction associated with the actual mean-flow profile are neglected. To
avoid explicit knowledge of the duct modes, an alternative is to use numerical simulations to train a wave decomposition
model. At MWL, a first step has been taken by employing the Linearized Navier—Stokes equations to train a multilayer
perceptron neural network for plane-wave decomposition [16].
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