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Abbreviations and symbols

BPF — Blade Passing Frequency

CCGEx - The Competence Center for the Gas Exchange
IC — Internal Combustion

MPP — Micro-Perforated Panel

SAE — International Society of Automotive Engineers
Mic. — Microphone

OP — Operating point

S-matrix — Acoustic Scattering Matrix

SA — Sound Absorbed

SR — Sound Reflected

TL — Transmission Loss

A — area of the flow channel cross-section, m>

D —diameter of the flow channel, m

E  —two by two unitary matrix

G —one sided cross-spectrum

G, — acoustic source cross-spectrum matrix, Pa’

H —frequency response function

H,™— Hankel function of n:th kind and m:th order

Ky —acoustic wave propagation constant

L, —sound pressure level, dB

M —mean flow Mach number

M, —the grazing flow Mach number of the micro-perforate

N —Fast Fourier Transform of the measured pressure signal, Pa
O - Fast Fourier Transform of the loudspeaker driving signal, V

On - acoustic monopole source, s~

P —acoustic power, W

R —acoustic reflection coefficient

R, —the radius of the expansion chamber, m

R, —the surface resistance of the micro-perforated panel, Pa-s-m™
R —the reflection matrix of test rig terminations



§  —acoustic scattering matrix

S, —acoustic power scattering matrix

T  — acoustic transmission coefficient
T — transformation matrix of acoustic wave
Z  —normalized acoustic impedance

Pr — Prandtl number

a  —the cross-section height of the rectangular channel, m
¢ —the speed of sound, m's™

d  —the slit width of the micro-perforated panel, m

f

— frequency, s™!

i —unit imaginary number (i = —1)
k  —wavenumber, m’
ks —the shear wave number of the aperture

n, — the normal unit vector of the flow channel surface

p  — acoustic pressure, Pa

p5  —acoustic source strength vector, Pa

ga —acoustic dipole source, N-m™

r  —the radius of the flow channel, m

rs  — the normalized acoustic resistance of slit type micro-perforated panel
s —share wave number

t  —the thickness of the micro-perforated panel, m

x  —axial co-ordinate, m

xs  — the normalized acoustic reactance of slit type micro-perforated panel
[ —the grazing flow coefficient of the micro-perforated panel

y  —the ratio of specific heats

A —eigenvalue

4 —dynamic viscosity, Pa-s

v —kinematic viscosity, m*s’!

po  — density, kg'm™

o  —the perforation ratio of the micro-perforated panel

o  — angular frequency, s
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Introduction

In modern automotive engine design, large part is determined by the European
Commission emission limits known as Euro 6 [1] and customer demand for
continuously reduced fuel consumption while still preserving the power output.
The achievement of these contradictory goals requires conceptual changes in the
classical internal combustion (IC) engine design. Therefore, today the concept of
engine downsizing or right sizing, as it is known in truck engineering, is well
adapted industry standard [2, 3, 4, 5]. The essence of the concept relays on
reducing the IC engine capacity while increasing the charge air pressure [6]. As
a consequence indicated fuel conversion efficiency is improved by increasing the
indicated mean pressure. Although, the same result can also be achieved by rising
the volumetric compression ratio, it is not preferable choice because of the higher
combustion temperature, and thus increased NOx emissions.

The idea of implementing unexploited enthalpy of hot exhaust gases for
driving the inlet charger dates from early 20th century aviation where the loss of
air density in high altitudes resulted in the loss of the IC engine power output.
Devices of such principle are referred to as turbochargers (Fig. 1) and generally
they consist of turbine coupled to centrifugal compressor. While turbine
transforms recovered enthalpy into mechanical energy, the centrifugal
compressor utilizes this energy to provide high pressure charge air delivery.
Nowadays in the IC engine industry, turbochargers are used for efficiency
reasons, and thus they carry a key role in the engine downsizing concept [7, §].

Compressor
wheel (impeller)

Diffusor

Hydrodynamic bearing assembly Radial in-flow turbine

Figure 1. A photo of an automotive turbocharger cutaway and an unassembled
compressor impeller.
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A strong majority of automotive IC engines currently in the production are
based on the downsizing concept and are equipped with turbocharger. Therefore,
the number of turbochargers manufactured has increased during recent years
tremendously. Nevertheless, the problem of having mass flux range of the
compressor narrower than the engine demand, yet remained [8, 9 and 10]. In case
of substantially downsized engine, the operation without high pressure charge
results in the significant and unaccepted deficiency in power output. Moreover,
future perspective is ultra-downsized engines [11] where the IC engine capacity
is reduced even further, and thus the charge pressure must be even higher — three
stages of turbochargers are planned in the concept!

The operating range of the centrifugal compressor is given by the 2D graph
referred to as compressor map (Fig. 2). In the graph, horizontal axis denotes mass
flow that is corrected according to the inlet temperature and pressure, while the
vertical axis represents the ratio of total outlet pressure over the total inlet
pressure. Consequently, the designed operating range is given as an “island” in
the compressor map. Contours within the island indicate different efficiency
levels of the compressor and solid lines across the map correspond to the constant
rotational frequency of the rotor (Fig. 1). In addition, the island of the designed
operating range is bounded by so called “surge line” at left hand side and a “choke
line” at the right.

Pressure ratio [1]

Corrected mass flow [kg/s]

Figure 2. The compressor map determining the designed operating range of the
centrifugal compressor.
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In the designed operating range the compressor can provide continuous
pressurized air delivery with acceptable efficiency. Exceeding the mass flow
range, bounded by the choke line, the efficiency of the machine drops. On the
contrast, the whole system is driven into destructive unstable state as the flow is
reduced beyond the barrier posed by the surge line. Therefore, current industrial
practice is to add preventive safety margins on the compressor map which can be
as large as 20%. This unexploited part of the mass flow range could be efficiently
implemented if the inception of the surge phenomena could be precisely predicted
or if appropriate counteractions could be taken.

The centrifugal compressor surge pathology was recognized directly after it
was invented [see e.g. 12]. When the back pressure of the coupled system
becomes too high, for a given mass flow, the compressor cannot maintain stable
discharge pressure and flow reversal occurs. This results in the large and often
violent mass flow oscillation in the whole system, thus making the surge a system
phenomenon [13, 14 and 15]. Although, the initiation of the surge is not fully
understood, it is agreed that before global surge condition, local flow instability
called rotating stall occurs [16, 17, and 18].

The phenomena of rotating stall in centrifugal compressor was first observed
in 1945 by Cheshire [12]. In case of the rotating stall in the compressor, the stalled
flow cell propagates along the circumference of the impeller in the reverse
direction. Therefore, the resulting rotational frequency of the rotating stall is a
fraction of shaft frequency, commonly observed close to the half of shaft
frequency [see e.g. 16, 17]. In case of axial machines, a rotating stall is the
initiation mechanism of full compressor stall [19]. Therefore, Oakes et al.
investigated the nature of these self-induced circumferential flow distortions and
possible relation with the surge initiation in the centrifugal compressors [17].
They observed growing flow distortion approximately at 0.6 of the shaft
frequency while approaching to, as well as during the surge, with the exclusion
of the phase of the pressure recovery. Despite that, they could not confirm that
local stall initiates the global axisymmetric phenomena of surge.

It is believed herein that not only the surge is a system phenomenon, but also
the initiation of the surge is related to the dynamics of the whole system, possibly
involving acoustical properties of the compressor and the coupled system.
Although the surge has been studied by many authors and institutions, the role of
the acoustic field in the surge initiation has not been investigated. In addition,
acoustics of the turbochargers generally have not received that much attention
regardless the fact that related problems have been reported by the industry
[see e.g. 4, 20, and 21]. Therefore, it is of importance to investigate the in-duct
acoustic field of the centrifugal compressor in detail.

An approach based on circumferentially distributed microphone array, at one
cross-section of the inlet duct and at the diffuser, was used by Lawless and Fleeter
in [22] to identify the spatially coherent modes of the rotating stall. The location
of these microphone arrays were relatively close to the impeller (1.8 cm at the
inlet) i.e. the pressure was measured in incompressible acoustic near field.
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Moreover the contribution of additional noise, originating from duct system
discontinuities and other possible sources, affected the measurements. A rotatable
circumferential microphone array was used by Raitor and Neise in [23] to resolve
spatial distribution of acoustic modes at the inlet duct of the centrifugal
compressor. In addition, they used another circumferential microphone array
further upstream to determine the averaged sound power level according to the
ISO 5136 standard [24]. Although this paper treats the full audible frequency
range and presents new findings regarding the dominating noise sources at
different regimes, all the results presented are measured under the assumption of
dominating sound field from the machine. In case of low frequency sound, this
assumption is arguable. Figurella et al. measured in-duct time resolved pressure
fluctuations by means of wall mounted piezoelectric pressure transducer
upstream of the compressor inlet [21]. Additionally, they measured sound
pressure level radiated by the bell mouth inlet of the compressor in the semi-
anechoic room. Even though, the intention of this measurement setup was
reproducing the realistic application, which is not perfect in perspective of
fundamental research, they observed that the blade passing frequency (BPF)
dominates the generated sound field only at high flow rates. In addition, at the
mid to low flow rates the contribution from BPF was significantly reduced and
low frequency content started to dominate. While the methods used in previously
discussed works are based on the reduction of reflections in different extents, the
detailed decomposition of acoustic field was performed in [25] in order to
determine the transmission of the incident acoustic power through the centrifugal
compressor. Although, currently, the detailed decomposition cannot be
performed in the entire audible frequency range, it has the advantage of providing
more accurate results as all the contributions of the acoustic field are identified.
This makes the approach adequate for the in detail and accurate aero-acoustic
investigation of the centrifugal compressor.

All the results from previously discussed investigations indicate a very high
level of noise generated by the centrifugal compressors. Moreover, the problem
of high level of compressor noise at the IC engine inlet have been reported also
by the passenger car as well as truck manufacturers. Noise control techniques
currently applied are mainly based on the principle of the Helmholtz resonator,
i.e. the generated sound is reflected back to the compressor. In this solution the
dissipation of the sound depends on the source absorbing ability. Moreover, the
resonators are relatively sensitive to the varying flow rates and the location in the
system. In addition, the attenuation provided is often of narrow band type which
makes the design complicated when noise sources of varying frequency, such as
compressors, are considered. Therefore, substituting reflective resonators with
dissipative noise control solutions could provide an advantage in terms of
robustness and simplicity in the design process.

Traditionally dissipative flow duct silencers are based on fibrous materials.
Nevertheless, several problems can occur when this type of materials are
integrated in the gas exchange system. For instance, the fibers can pollute
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environment or cause failure of the engine and other essential components.
Therefore, it is of interest to produce acoustic energy absorption by utilizing other
innovative materials. Alternatively, the acoustic energy dissipation can be
produced by means of small apertures whose dimensions are in the order of
acoustic boundary layer [26]. Such innovative noise control materials are referred
to as micro-perforated panels (MPP) and recent development of these materials
have led to the mass-production sheet material, branded as Acustimet™ [27]. The
core material of this MPP is aluminum, hence making it appropriate for the IC
engine inlet noise control applications. On another hand, the hot temperature and
possible particles in the exhaust gas prevent the use of this material at exhaust.
Although, the unit prize in the small series production is relatively high, in certain
cases the custom made MPP can fulfill challenging design constraints, thus
justifying higher production cost.

Objectives of the study
In this study the main objectives are:

1) to identify if acoustic field plays role in the initiation of global and
axisymmetric flow phenomena referred to as centrifugal compressor
surge;

2) to develop optimization method for innovative flow channel silencer
based on the micro-perforated element; and

3) to develop custom micro-perforated flow channel element for high
temperature conditions and apply the element in the exhaust silencer of
Formula SAE race car prototype.
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1 Experimental Aero-acoustic Investigation of Centrifugal
Compressor

In general, the accurate and detailed investigation of acoustic field in flow-
duct can be performed by implementing well established methods for duct
networks. However, because of the experimental limitations, such methods are
limited to Oth duct mode frequency range. In this mode the acoustic pressure over
the cross-section of the duct is nearly constant i.e. acoustic waves are planar. In
case of circular duct, the frequency of the first non-planar propagation is
determined by the relation:

1.841c
for=—p—Vv1-IM2, (1.1)

where D is the diameter of the flow channel, ¢ and M are the speed of sound and
mean flow Mach number respectively [28]. Hence, below that frequency
(Eq. (1.1)) the one dimensional acoustic field can be assumed to consist of
superposition of two opposite propagating waves. Such acoustic field is sketched
in the centrifugal compressor inlet and outlet branches in the Fig. 1.1.

Inlet (A)

Loudsp. A Mic.1  Mic. 2

Outlet (B)

Mic.3 Mic.4  Loudsp.B

N\ 4 —
I Pa N : NS Py |
| Par NN A VAVAVAY '8 |
A: 0 E i Rdik
X X1 Xz 3 X3 Xy X

Figure 1.1. The simplified sketch of experimental setup, where p is acoustic
pressure, R is the acoustic reflection coefficient, superscript S denotes the
acoustic source term and mass flux refers to the mean flow.

In order to perform the wave decomposition of planar acoustic field in flow-
duct (Fig. 1.1), the acoustic pressure has to be known in at least two axial
positions. In addition, the information regarding the wave propagation between
these two positions is essential. By assuming acoustic pressure time dependence
of iwt and isentropic wave propagation in the flow-duct, the complex opposite
propagating acoustic pressure wave amplitudes can be found by means of
well-known Two-microphone technique (see e.g. [29] or [30]):
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[gﬂ = [jii',iiil ;Z:Z] [Zj : (1.2)

where plus and minus signs are referring to the propagation direction, k is the
isentropic axial wave number, p is the acoustic pressure in frequency domain, and
x is the axial co-ordinate (Fig. 1.1). The wave number in Eq. (1.2) is defined as:

(1.3)

w

= aEm

where o is the angular frequency.

Generally, the dissipation of the acoustic energy occurring in the long
propagation distance and in presence of mean flow cannot be neglected.
Therefore, the assumption of isentropic propagation is not valid and model for
dissipation has to be applied. As was suggested by Dokumaci in [31], the visco-
thermal damping in the wave propagation can be accounted by altering the
isentropic wave number £ (Eq. (1.3)):

wkK,

ke =TT KoM)’

(1.4)

where K, is the propagation constant. Based on the well-known Kirchhoff
dispersion relation, the propagation constant is expressed as:

K0=1+<t\7§i><1+y\/1:_:>, (1.5)

where s is the shear wave number, y is the ratio of specific heats and Pr is the
Prandtl number. The shear wave number is defined as:

Pow
s=r |—, 1.6
p (1.6)

where r is the duct radius, po and ¢ are the density and dynamic viscosity of
undisturbed gas.

The implementation of previously described method enables to decompose
the overall airborne sound field in the inlet as well as in the outlet branches of
centrifugal compressor. Furthermore, if the compressor operation is stable
throughout the measurement, and therefore time invariant, the acoustic
transmission and reflection properties can be determined.

Acoustic n-port models have been used for decades to characterize the
separate elements and predict the overall duct network acoustical properties.
Depending on the purpose, the n-port characterization of a duct network element
can be represented by either in transmission matrix or in scattering matrix
(S-matrix) form. The latter is preferable herein, as it describes the wave
interaction problem explicitly [30].
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The S-matrix [30] of acoustic 2-port is formulated by means of determined
pressure wave amplitudes (Eq. (1.2)), in the inlet and outlet branches of the

centrifugal compressor, as:
pa+ _ Ra Tb] pa—
[pb+] - [Ta Ry [pb_] ! 1.7

S

where R and T are complex reflection and transmission coefficients respectively,
8§ is the acoustic S-matrix, subscripts a and b are referring to the inlet and outlet
branches of the compressor.

In order to determine the four unknown coefficients in Eq. (1.7) (e.g. via
matrix inverse operation), at least two linearly independent test cases have to be
performed. It results in the reformulation of Eq. (1.7) as:

[pé+ pé’+] _ [Ra Tb] [pé_ pé’_] (18)
poe Posl LTa Rollp, pi|’

S

where superscripts / and /7 denote the first and the second test cases which can be
realized by providing external acoustic excitation at different branches (Fig. 1.1)
by using the Two-source measurement technique [32].

In case of high velocity turbulent flow, the pressure transducers will record
the pressure fluctuation caused by the turbulence in addition to the sound. In order
to suppress this contribution the correlation techniques can be applied. If the
external excitation is used, the driving signal can be utilized as a reference signal
and the best estimate of the acoustic pressure, in the least square sense, is obtained
by the frequency response function [33], as:

Gro(F) _ N(P'O(F)
Goo D~ 00D’

where subscript #n and o refer to the driving and pressure signal respectively,
capital letters NV and O denote the Fast Fourier Transforms of respective signals,
G is one sided cross-spectrum and superscript “*” denotes complex conjugated
quantity. As a consequence, the uncorrelated contribution in the pressure
measurements will be suppressed and the acoustic S-matrix can be computed by
implementing frequency response functions directly in Eq. (1.8). Nevertheless, if
the unit of pressure is desired, it can be restored by further multiplying the
frequency response function by the reference signal.

Hno(f) = (1.9)

1.1 Experiments

The acoustic pressure data involved in present investigation have been
provided by Tiikoja et al. [25]. Measurements have been carried out in the
dedicated facility [34] of Competence Centre for Gas Exchange (CCGEXx) [35]
located in the KTH Royal Institute of Technology (Fig. 1.2).
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Figure 1.2. A photo of the test-rig in the facility for turbocharger acoustic
measurements of the CCGEX.

In the rig, a typical automotive turbocharger with vanless diffuser have been
operated at five realistic operating points (OPs). The values of physical quantities
determining these OPs are provided in Table 1.1 and graphical representation on
the compressor map in the Fig. 2.

Table 1.1. The operating conditions of the turbocharger.

Corrected Rotational
Pressure
. mass flow, | frequency,
ratio .
kg/s min
OP1 1 - -
OP2 1.28 0.054 82 304
OP 3 1.85 0.119 141 643
OP 4 1.37 0.126 123 012
OP 5 1.71 0.050 120 168

The in-duct acoustic pressure data have been measured at six transducer
positions along the compressor contour while the external excitation have been
provided by means of loudspeakers at both branches. In addition, the acoustic
pressure data have also been measured in the absence of external excitation.
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1.2 Coupling between aerodynamic and acoustic fields

If a stable flow field in the centrifugal compressor is considered, the coupling
is expected to occur in a form of strong dissipation of incident acoustic waves in
small scale turbulence. However, when the mass flow is reduced beyond the surge
line, the flow in different parts of the compressor will stall. While this abnormal
compressor flow causes the occurrence of local flow instabilities, the global mass
flow in the system still remains constant. Therefore, it is expected that these local
flow instabilities can modulate incident acoustic waves resulting in the
amplification of out-going waves.

1.2.1 Method

One of the frequently encountered problem, caused by the aero-acoustic
coupling phenomena, is the whistling of the flow channel valves and orifices. In
this case the whistling is caused by the modulation of in-going acoustic waves
and the system response leading to the acoustic energy build up. In the studies of
this phenomena the acoustic S-matrix have been proven to be a very useful
information (see e.g. [36]). By setting up the acoustic power balance based on the
experimental S-matrix, the acoustic energy dissipation or production can be
identified [37] i.e. all the flow acoustic coupling effects are included in this matrix
[36]. Therefore, it is believed that the coupling in centrifugal compressor, can
also be identified by studying the experimental S-matrix (Eq. (1.7)).

In order to set up acoustic power balance by means of incident acoustic waves,
and to provide clear and explicit equations, it is appropriate to introduce a new
acoustic state variable x which is related to the acoustic power as:

xlxg =(Py), (1.10)

where P is the acoustic power and superscript ¥ denotes self-adjoint matrix
(Hermitian transpose). In case of time averaged in-going sound power of the
compressor, the variable is defined as:

A
a+M) “Pg_
“ PoaCoa Pa
X_ = , (1.11D)
A
(1-Mp) |—2—pp-
| PobCob |

where 4 is the cross-section area of respective branch. Now by implementing the
new acoustic state variable (Eq. (1.10)) together with previously determined
S-matrix, the acoustic power output of the compressor for a given incident
acoustic field can be expressed in following form:

(Poue) = xL(ShSp)x_ —xlx_, (1.12)

where S is so called acoustic power scattering matrix and it is defined as:
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(1 - a) (1 - Ma) pObcobAa

a+My) ° (1= M) [Poacoads
Sp = (1.13)
(1 +Mp) |PoaCoalp A+Mp)
|(1+ M) | pobCorAa © (1 - Mp)

Furthermore, the incident acoustic power (Eq. (1.12)) can be normalized to 1
without the loss of generality [37]. Thus, the acoustic power balance of the
compressor for a given incident acoustic field, normalized to 1 W, can be written
as:

(Poye) = xt (STSp)x_ — 1. (1.14)

In addition, the acoustic power output, in Eq. (1.12), depends on the phase and
amplitude relation between incident waves. Thus all the possible combinations
must be considered and maximum potential power output can be obtained as [38]:

glllctlx = Amax — 1, (1.15)

where Anq is the positive and real maximum eigenvalue of the matrix (S'Sp).
The eigenvalue smaller than unity, in the Eq. (1.15), indicates the dissipation of
incident acoustic power and the value larger than unity indicates the
amplification.

1.2.2 Results and discussion

The method has been applied on the experimental acoustic pressure data of
the automotive centrifugal compressor operating under realistic conditions
(Fig. 1.2). The maximum potential power output (Eq. (1.15)) have been
determined in five OPs and resulting eigenvalue spectrums are presented in the
Fig. 1.3.

1.2
1.1 A

1 4
0.9 A
0.8 A
0.7 A
0.6 4
0.5 A
0.4 A
0.3 A
0.2 A
0.1 A

0

Eigenvalue [1]

0 300 600 900 1200 1500 1800 2100 2400 2700 3000
Frequency [Hz]

Figure 1.3. The maximum ratio of scattered acoustic power over incident
acoustic power determined in five operating points (see Tab. 1.1).
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In general, eigenvalues remain smaller than unity across the frequency range
i.e. there is no net amplification of the incident acoustic power. In addition, three
trends, linked with the mass flow rate (Tab. 1.1), can be distinguished. The
constant low level of dissipation, i.e. eigenvalue close to one, expectedly
corresponds to the stationary machine (OP1), while all other OPs show
significantly higher level of flow induced acoustic losses. Moreover, there is a
deviation in a form of well pronounced peak approximately at 900 Hz in case of
the OPS5 close to surge. This frequency corresponds to the shaft (impeller)
rotational frequency multiplied by 0.45, i.e. where often flow instability of
rotating stall has been observed by other authors [e.g. 16 and 17].

Based on these observations (Fig. 1.3), it is believed that the amplification of
the incident acoustic power caused by the rotating stall (~900 Hz) at the OPS,
appears as a sharp reduction of the dissipation because the amplification is
insufficient for dominating overall losses. Hence, in perspective of initiating a
surge condition, this amplification is irrelevant. However, the losses are very
small at the low frequency range, and in particularly small when operating close
to surge (OPY).

1.3 Reflection-free sound generation

In a plane wave frequency range (Eq. (1.1)) reflections from duct
discontinuities are highly significant and absolutely reflection free terminations
in experimental setups are rear (Fig. 1.1). Thus the overall sound field in
compressor branches consists of several contributions including the reflections of
the generated sound. In order to determine the sound generation characteristics
of the compressor, the reflection-free sound has to be extracted.

1.3.1 Method

The problem of determining the accurate aero-acoustic source data of ducted-
fans is not new. Cremer suggested to treat such devices as two-port sources,
already in 1971 [39]. This was followed by the development of experimental
methods by Terao et.al [40] and Lavrentjev et al. [41] in 1990s. Although
investigated fans in these works were mainly axial and of low pressure type, the
same methods will be adapted to the centrifugal compressor herein.

The active properties, i.e. the contribution of sound generation, can be
included in the passive two-port formulation (Eq. (1.7)) by means of
superposition principle. Thus the resulting full two-port model takes the
following form:

Pa+] _ [Ra Tb] Pa- PZ+]
pb+]— r R, [pb_]+ o] (1.16)
S Ds

where superscript s denotes the source term (Fig. 1.1) and p is the source strength
vector. However, it should be observed that in such formulation (Eq. (1.16)), the
reflection-free conditions are assumed at the test rig terminations. Since this is
rarely the case, the terminations have to be characterized and accounted for.
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In order to describe the acoustic effects of test rig terminations, the acoustic
one-port model is convenient choice as it originates from the same acoustic
n-port theory. In addition, by assuming passive behavior i.e. no additional sound
generation behind test rig terminations (Fig. 1.1), the reflection coefficients

11 1
Ry =P and R, =22= (1.17)
a+ Pp+

are completely adequate for the characterization. Subscripts # and d in Eq. (1.17)
refer to up- and downstream direction respectively.

Although, the reflection coefficients (Eq. (1.17)) can readily be obtained from
previously determined complex pressure wave amplitudes, the approach is
limited to the Two-source measurement technique [32]. Because of the
assumption of passive terminations, the external excitation must not be provided
in respective branch while characterizing the termination (Fig. 1.1). This
requirement is fulfilled if at least two linearly independent test cases, necessary
to compute the acoustic scattering matrix (Eq. (1.8)), are realized by providing
the external excitation sequentially in both branches.

After determination of passive properties of the test rig, the second acoustic
pressure measurement have to be conducted in absence of external excitation. By
utilizing this pressure data and known passive properties of the test rig, the
reflection-free source strength vector can be extracted from the overall airborne
sound field according to following formulation [41]:

ps=(E—-SR)(E+R)'p, (1.18)

where p is vector that contains the acoustic pressures measured in absence of
external excitation, E is a square unitary matrix and

R, O
R= [0 Ryl (1.19)
Since the acoustic pressure is measured at the microphone locations, the acoustic
S-matrix and the reflection matrix of test rig terminations have to be transformed
from reference cross-section (x = 0 in the Fig. 1.1) to respective axial location x
of the microphone. This is performed by means of transformation matrixes as:

$* =T,ST-! and R* = T;'RT_, (1.20)
where
eika_xa 0 e—ika+xa 0
re= 0w = 0 0 |az

Furthermore, determined source strength vector can be transformed back to the
original reference cross-section (x = 0) by implementing the transformation
matrix of positive propagation direction (Eq. (1.21)). This yields the expression
of source strength vector of following form:

ps = T71(x)(E — S*R*)(E + R*) 1p*. (1.22)

23



The flow velocities in the centrifugal compressor branches can reach high
level and, as mentioned earlier, such a turbulent flow field causes the
contamination of acoustic pressure measurement. Therefore, it is of interest to
apply the correlation techniques also in case of Eq. (1.22). For the sake of the
explicit expression a new constant

C* = T71(x)(E — S*R*)(E + R*)! (1.23)

is introduced in Eq. (1.22) and the source cross-spectrum matrix [41], based on
source strength vectors, can be formulated as:

G, =p M (p™*) = cns [gxle g’%] cet, (124
X2X4 X3X4

where x; to x4 denotes the pressure transducer axial positions (Fig. 1.1). Since the
correlation length of turbulence pressure perturbation compared to sound wave is
small, the cross-spectrum estimated between different axial locations in
Eq. (1.24) enables the suppression of turbulence related measurement error.
Furthermore, such cross-spectrum source strength estimate is valid for both the
periodic and random signals [41]. In addition, the auto-spectrums of reflection-
free sound generation are obtained directly from the main diagonal of source
cross-spectrum matrix, and the sound pressure level (SPL) can be computed
according to the classical definition:

G
L, = 10logy, <ﬁzﬁ> ) (1.25)

ref
where Py = 2-107>[Pa] .

1.3.2 Results and discussion

The auto-spectrums of reflection-free sound generation of centrifugal
compressor have been determined in case of four realistic operating points
(Tab. 1.1 and Fig. 2). In the Fig. 1.4 and 1.5 the corresponding SPL spectrums
for the inlet and outlet branches are presented respectively.

Considering very harsh measurement conditions in the presence of high
pressure, temperature and velocity gradients, the overall quality of the obtained
results in the Fig. 1.4 and 1.5 is remarkably good. In general, the spectrums
consist of broadband contribution, which is ~7 dB higher at the outlet, and
characteristic high level tones. It is of common belief that the sound generated by
the centrifugal compressor in the plane wave frequency range merely consists of
broad band flow noise, since the BPF is higher. Based on these results (Fig. 1.4
and 1.5), it is proven to be misconception. In addition, while the broadband level
can be associated to the turbulent flow noise characteristics, the origin of the high
level tones is not obvious.
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Figure 1.4. The generated sound pressure level at the inlet channel (low
pressure) of the compressor at different operating conditions (Tab. 1.1).
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Figure 1.5. The generated sound pressure level at the outlet channel (high
pressure) of the compressor at different operating conditions (Tab. 1.1).

The frequency of the characteristic tones in the Fig. 1.4 and 1.5 corresponds
to impeller rotational frequency harmonics, and in general, the level is higher at
the outlet branch. Furthermore, the level and also difference between the inlet and
outlet are also increasing with mass flow rate. Based on the previous
observations, it can only be concluded that these rotor harmonics are caused by
the periodical flow phenomena (pressure fluctuation) at the high pressure side
which is related with shaft rotational frequency. However, Figurella et al. in [21]
recently suggested that the origin of rotor harmonic sound is related to
geometrical imperfections. Nevertheless, based on the detailed results of sound
generation presented herein (Fig. 1.4 and 1.5) or cursory results presented in [21],
this cannot be confirmed.
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The reduction of mass flow down to the designed operating limit i.e. the OP5
(Tab. 1.1 and Fig. 2) is causing a large broadband increase of the SPL in both
inlet (Fig. 1.4) and outlet (Fig. 1.5) branch of the compressor. In addition, the
broadband increase is masking characteristic harmonics completely at the outlet
branch (Fig. 1.5). This is believably related to the flow separation in the impeller
vanes as the reduction of mass flow will increase the angle of attack at impeller
blades and, therefore, blades are operating near the stalled flow conditions.
Furthermore, an additional contribution appears in the outlet sound generation
spectrum (Fig. 1.5) approximately at frequency where previously the local
amplification of incident sound was observed (Fig. 1.3). Arguably, it is the same
flow instability of rotating stall that is manifested in both the sound scattering and
generation.

It should be observed that a very high level of sound is generated in very low
frequency range in case of the OP5 (Fig. 1.4 and 1.5). The level is approximately
120 dB at the outlet branch i.e. the pressure at that frequency is fluctuating with
amplitude of ~30 Pa. Furthermore, the dissipation of sound in this frequency
range is almost negligible (Fig. 1.3). Therefore, it is believed that if certain
boundary conditions are provided to the compressor, generated acoustic energy
starts to accumulate in a system which eventually leads to the significant
disturbance of aerodynamic field and thus can trigger a compressor surge.

The previous hypothesis is also consistent with the experimental findings in
[42] where they found that a large volume, i.e. low natural frequency, at the
compressor outlet branch is necessary to initiate the deep surge.
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2 Optimization of Compact Flow Duct Silencer

The concept of compact flow duct silencer, treated herein, is the result of
several works investigating the possibility of using mass production micro-
perforated sheet material Acustimet™ for vehicle applications. A new type of
flow duct silencer, based on the micro-perforated tube, made of Acustimet™
panels, was proposed by Allam and Abom in [43]. The simplified sketch of this
silencer is presented in the Fig. 2.1.

Figure 2.1. Geometry for the MPP muffler proposed in ref. [43]. Circular
symmetry is assumed and the outer chamber is sub-divided into two or several
cavities by rigid walls.

It was concluded in [43] that such silencer (Fig. 2.1) can provide non-fibrous
alternative to the classical dissipative silencer. However, the expected drawback
of having negligible sound damping at frequencies where the chamber length
equals half wave length multiples, was recognized. Therefore the implementation
of impenetrable separating baffles inside the cavity was suggested (Fig. 2.1), and
as a consequence, the minima in sound damping is shifted to the higher frequency.
In order to eliminate the minima completely, the locally reacting limit was
formulated by Abom and Allam in [44]. Essentially, the cavity is locally reacting
up to the frequency where the length of the cavity is smaller than the half of
wavelength. In addition, a custom Acustimet™ panel with larger apertures was
also considered in [44] and it was concluded that the higher damping of sound in
such silencer (Fig. 1.2) is achievable in case of larger apertures i.e. smaller
acoustic resistance.

The starting point of the optimization herein is the silencer based on
previously described development. The initial design constraints, determined by
the application in the Volvo Car Corporation, are tabulated in the Tab. 2.1 and
geometrical constraints are sketched in the Fig. 2.2.

Table 2.1. Design constraints for the compressor noise problem studied.

Inlet/outlet | Average Temperature Target
Parameter | duct radius, Mach P o > | frequenc
C
m number y, kHz
Value 0.03 0.05 20 2.0
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Figure 2.2. Geometry of the prototype MPP silencer studied. The arrow,
marked 1, points at the micro-perforated sheet tube (Acustimet™), separating
the main duct from the outer cavities.

In order to predict and compare the acoustic performance of different compact
silencer configurations modeling has to be performed. In the Oth duct mode
frequency range (Eq. (1.1)) and under the assumption of uniform mean flow
profile, the silencer (Fig. 2.2) represents a two dimensional acoustic field
problem, i.e. the analytical solution can be obtained by means of existing
knowledge. However, for the sake of straightforward and robust implementation
in the industrial applications, the commercial FEM software Comsol
Multiphysics® [45] is utilized herein. In addition, the prototype built in the Volvo
Car Corporation by means of rapid prototyping and employing a standard
Acustimet panel™, is used for validation purposes. Moreover, the cavity of the
prototype is also used to experimentally evaluate the results of the optimization.
The photo of this prototype silencer is presented in the Fig. 2.3.

Figure 2.3. Photo of the compact silencer rapid prototype with magnified view
of the micro-perforated (Acustimet™) sheet tube. Dimensions as in Figure 2.2.
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2.1 Finite element model

The modeling in [43] was carried out by means of the FEM. In the model, the
MPP was substituted by the pre-computed acoustic transfer impedance boundary
condition. Thus, the resulting model consisted of two separate domains connected
by this pre-defined boundary condition (Fig. 2.1). In addition, the convective flow
effects were neglected in the main flow path while the grazing flow effects on the
MPP where accounted for in the computation of the boundary condition. Such
approach is reasonable for low mean flow Mach number applications [43].

In the present work, the mean flow velocity is relatively small compared to
speed of sound (Tab. 2.1). Therefore, the approach used also in [43] is adequate
to be applied herein. Moreover, as the cavity of the compact silencer considered
is locally reacting, it can be modeled analytically and included in the boundary
condition. It results in the complete acoustic boundary condition of flow path
inside the cavity (Fig. 2.2). Consequently, the modeling domain is consisting only
of the air volume in the flow channel of the silencer (Fig. 2.4).

freq(196)=2000
Surface: Total acoustic pressure field (Pa)

A 12135

Locally reacting
surface (Eq. (2.6))
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Figure 2.4. Acoustic pressure distribution at 2 kHz plotted on the FEM
modeling domain for the prototype silencer with the standard MPP, i.e. not
optimized configuration.
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In the modeling domain, the inhomogeneous Helmholtz equation is solved in
the lossless medium as:

k2
V- (VP qq) — T = Qm, (2.1)
where

Q,n — monopole source; and
qq — dipole source.

The main duct is assumed to be impenetrable by sound waves i.e. the wall
boundary condition is set as:

-n, [—%(VP - ‘Id)] =0, (2.2)

where

n, — the normal vector of the flow duct surface.

Along the cavity section (Fig. 2.2) the wall boundary is set as:
1
S

iw

1% ’
Zwaupc

(2.3)

where

Zwaun —anormalized acoustic surface impedance.

In order to evaluate the acoustic performance of the silencer, the
straightforward and widely implemented parameter is the transmission loss (TL):

_ P in

TL = 10log4, , (2.4)
P out

where the subscripts in and out refers to the in-going direction at the inlet and

out-going direction at the outlet of the silencer. This formulation considers one

way propagation of sound, and thus it is convenient to use reflection-free

terminations in the axial direction, which is realized by requiring that [46]:

—Nny,. ——(Vp qd)]+p + V2 kap—Qm (2.5)

at the modeling domain terminations (Fig. 2.4). By assuming that the reflected
sound waves are negligible, the acoustic power (Poy) at the outlet termination is
obtained by integrating the sound intensity over the cross-section. At the inlet, an
incident plane wave is prescribed using Eq. (2.5) i.e. the incident power (Pin) can
be directly computed.
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2.2 Proposed method

In order to optimize the compact silencer (Fig. 2.3), it has to be realized that
the acoustic performance is completely controlled by the acoustic impedance of
the locally reacting surface (Z,,q;;) inside the cavity (Fig. 2.2 and 2.4). This
impedance is a consequence of the perforate and the adjoining cavity, acting
together so that:

Zwai = Zmpp + Zeav » (2.6)
where

Zypp — the normalized MPP impedance; and
Z.qy —the normalized cavity impedance.

Guo et al. gave an overview in Ref. [47] on the semi-empirical modeling of
micro-perforate transfer impedance. They also investigated the effect of flow and,
based on experiments at KTH, they suggested correction terms for the acoustic
impedance under grazing flow conditions. In addition, they showed that the
acoustic mass end correction term for the slit types of MPP, e.g. as the
Acustimet™ panel used here, can be neglected. The linear acoustic resistance
Re(Zmpp) of the slit type MPP can be computed from:

wt[  tanh(kVD)| ) 4R, M
iw anh(kgVi s g
=Re{—|1 — — 2.7
" {o[ ko ] }+m+36, @7
and the reactance Im(Zypp) from:
-1
iwt tanh(kqVi
xs = Im &[1 _#] , (2.8)
oc ki

where

ks — the shear wave number of the aperture;

t  — the thickness of perforated panel;

o — the porosity of the perforated surface;
[ — afactor for grazing flow effects;

R — surface resistance; and

M, — Mach number of grazing flow.

The shear wave number, which relates the aperture dimensions with the acoustic
boundary layer thickness, is defined as:

ks =d \/g, (2.9)

where

d - the slit width; and
v — the kinematic viscosity of medium.
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Finally, the surface resistance, which is a consequence of oscillating motion of
the fluid on the surface of a perforated panel, can be found from:

1
R = E,/pry. (2.10)

The normalized linear resistance (Eq. (2.7)) is a sum of three terms. The first
term analytically relates acoustic losses with viscous effects inside the apertures,
whereas the last two terms empirically describe the acoustic losses outside the
apertures. As also seen from Eq. (2.7) and Eq. (2.8) a grazing flow will affect
(increase) the resistance but not affect the reactance.

The analytical model for the acoustic cavity impedance Z,,, has been derived
and proposed in the [44] and is given by:

®
H; 7 (kR
i [HS (k) - #Héz)(kr)
~ HP (kR,)
Zeay = O 0eR ) : (2.11)
HD (kr) — =L~ 1 ® (ker)
H® (kR,)

where
R, - the radius of the expansion chamber, m; and

H,(;Ll )_ the Hankel function of n:th kind and m:th order.

It was discovered in 1953 by L. Cremer that the maximum damping of pair of
sound wave modes in the infinite rectangular duct with definite acoustic
impedance on one side is obtained when they merge in the complex plane. The
optimal wall impedance, so called Cremer impedance, was derived and expressed
in the [48] as:

_ka
Zey = (091-0760)—, (2.12)

where
Zcr — the normalized surface impedance for theoretical maximum sound
damping in an infinite rectangular duct; and
a — the cross-section height of the rectangular duct.

By following the same principles as Cremer, B. J. Tester derived the optimal wall
impedance expression for circular ducts in 1973. In addition, the mean flow
correction was added under uniform mean flow assumption in the [49] as:

kr

Zce =(0.88—-0.38i) ————=,
ce = 2 (1l + M)?

(2.13)

where

Zco — the normalized surface impedance for theoretical maximum sound
damping in a circular duct.
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The essence of the optimization method proposed herein, is the matching of
locally reacting surface impedance to the Cremer optimum (Eq. (2.13)). It should
be noted that the reactance is produced by means of both the cavity (Eq. (2.11))
and the MPP (Eq. (2.8)) while the acoustic resistance is produced only by the
MPP (Eq. (2.7)). Therefore, the resistance is matched first by determining
corresponding MPP geometrical parameters. As a consequence, certain mass
reactance is produced i.e. the reactance is positive and increasing with the
frequency while the Cremer optimum suggests the negative reactance
(Eq. (2.13)). This discrepancy is then eliminated by introducing corresponding
cavity with required negative reactance (Eq. (2.11)).

While the concept of compact silencer as such is general, i.e. the acoustic
resistance can be produced by any means, in the present work the resistance is
produced by implementing the MPP. Since the resistance of the MPP can be
approximated to a constant value across the frequency range, linearly increasing
optimum resistance (Eq. (2.13)) can be realized only at the frequency where the
maximum sound damping is desired (Tab. 2.1). (A detailed discussion regarding
described issue can be found in the Paper Il and Paper I11.)

It should be noted that the optimal wall impedance expression (Eq. (2.13)) is
derived by assuming infinite duct, i.e. in the Oth duct mode frequency range
reflected waves cannot exist. Therefore, it is assumed that the proposed
optimization technique will lead to the dissipative silencer. On another hand, the
locally reacting surface in the compact silencer is with definite length. Thus the
occurrence of reflections at the cavity interfaces are expected. In addition, the
Cremer optimum impedance (Eq. (2.13)) equals zero in the trivial case of zero
frequency (k= 0) i.e. a perfect resonator with total reflection.

2.3 Sound attenuation mechanisms in optimized design

In the robust noise control solution of a duct network, the property of high
attenuation should preferably be achieved in dissipative manner. Moreover, as
was discussed previously (Fig. 1.3), the reflected sound waves in the inlet system
of the modern IC engines can be responsible for triggering the surge condition.
Therefore, it is also essential to reveal the sound damping mechanism to
adequately evaluate the result of the optimization technique. To this aim, the
distribution of sound power is followed by studying the acoustic S-matrix data.
It is assumed that the differences in hydrodynamic pressure, temperature, air
density and Mach number between the silencer branches are negligible.
Consequently, the total acoustic power loss in the direction of sound propagation,
i.e. the TL, can be computed as:

1
TL = 10log4, (—2) (214)
|Tal
Now by considering the contribution of incident sound power that is not reflected

and contribution that is transmitted, the sound absorbed (SA) is expressed in the
logarithmic scale as:
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(1-M)?
1- |Ra|2m

SA: 1010g10 |T |2
a

(2.15)

In addition, the contribution of sound power reflected (SR) is obtained in similar
fashion as:

(1-M)>?
(1+ M2
The set of these logarithmic parameters (Eq. (2.14), (2.15) and (2.16)) gives a

detailed description of the silencer acoustic performance and the quantification
of attenuated, absorbed and reflected sound power.

SR = —101logy |1 — R, |2 (2.16)
g

2.4 Results and discussion

The experimental validation of TL spectrum predicted by the simplified FEM
model in absence of mean flow is presented in the Fig. 2.5. In addition, the
theoretical TL spectrum computed by assuming the Cremer impedance
(Eq. (2.13)) across all the frequency range is plotted for reference purposes.
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Figure 2.5. The results of experimental validation of sound transmission loss
obtained by the simplified modeling approach (green and blue curves) for the
prototype silencer (Figure 2.3). The red curve shows the theoretical maximum
damping for the silencer using the so called Cremer impedance.

As can be observed in the TL graph (Fig. 2.5), the experimental spectrum is
well captured by the simplified FEM model in absence of mean flow. Moreover,
the predicted theoretical maximum TL curve shows that a much higher peak value
at target frequency is obtainable by implementing the optimization method.

According to the proposed optimization technique, the appropriate set of the
MPP geometrical parameters are determined by considering the initial design
constraints (Tab. 2.1) and required resistance (Eq. (2.13)) while preserving the
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original MPP thickness ¢. The resulting parameters are given and compared to the
standard Acustimet™ MPP, used in the first prototype (Fig. 2.3), in the Table 2.2.
Corresponding cavity radius R = 49 mm, to match the reactance, is also
determined.

Table 2.2. The geometrical parameters of the MPP studied. The optimized MPP
is designed to match the Cremer resistance at 2 kHz for r = 30 mm.

MPP Thickness, | Perforation | Averaged slit

panel mm ratio width, mm
Standard 1 0.043 0.095
Optimized 1 0.062 0.210

The predicted TL spectrums of silencer configuration of the new optimized
design (Tab. 2.2), of the first prototype and also of theoretical Cremer impedance
across the frequency range, in Mach 0.05 mean flow conditions, is presented in
the Fig. 2.6.
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Figure 2.6. Predicted sound transmission loss for the prototype silencer for
different configurations of MPP + cavity impedance. The optimized result is
obtained by tuning the wall impedance based on Cremer’s impedance at a
target frequency 2000 Hz. By splitting the silencer in 2 or 3 sections tuned to
1500, 2500 Hz and 1500, 2000 and 2500 Hz, respectively, a more broad-band
damping behavior is possible, see Table 2.3.

Expectedly, the much higher TL peak value of the optimized design (Fig. 2.6),
compared to the first prototype, is laying on the theoretical reference curve at the
target frequency of 2 kHz. Moreover, as the cavity is of locally reacting type, the
total cavity length available can be divided into separately optimized sections at
different target frequencies, thus producing close to a constant wideband
dissipation. In addition, such a high attenuation, as > 60dB, would be challenging

35



to achieve in industrial applications because the in-duct air borne sound
transmission is reduced in extent that other transmission mechanisms could
dominate instead.

In order to produce wideband dissipation around the original target frequency
(Table 2.1), the optimization has been reconsidered by splitting the total reacting
length (Fig. 2.4) into separated optimized sections with different target
frequencies. The new constraints are listed in the Tab. 2.3 and the corresponding
predicted TL spectrums are presented in the Fig. 2.6.

Table 2.3. Design constraints _for the optimized sections shown in Fig. 2.6.

Section 2 Section 1 Section 3
Configuration
name length, | freq., | length, | freq., | length, | freq.,
mm kHz mm kHz mm kHz
Optimized - - 96 2.0 - -
Two
optimized 48 1.5 - - 48 2.5
sections
Three
optimized 48 1.5 20 2.0 28 2.5
sections

As can be observed in the Fig. 2.6, by further dividing the compact silencer
into separately optimized sections, a high TL in a wide frequency band (more
than octave) is possible. Furthermore, close to constant TL (30 £ 2 dB), required
in the noise control of sources with varying frequency signature, e.g. centrifugal
compressors, is also achievable.

The cavity radius of the first prototype (R = 45 mm) is not appropriate for
experimental realization of optimized design for given initial design constraints.
Nevertheless, the optimized design can be realized at different target frequency
corresponding to the existing cavity radius. Therefore, a custom made
Acustimet™ MPP (referred as Res. 0.25), whose transfer impedance matches
closely the optimum condition, is utilized in the experimental evaluation of the
optimization technique. In addition, another custom Acustimet panel (Res. 0.05)
with relatively large apertures and producing a very small acoustic resistance
(thus, not matching the Cremer optimum), is included for comparison purposes.
On these modified prototype configurations, a standard experimental
determination of the acoustic two-port data is carried out. The set of logarithmic
parameters (Eq. (2.14), (2.15) and (2.16)), describing the sound power
attenuation, dissipation and reflection, have been computed and presented in the
Fig. 2.7. (Detailed information regarding prototype configurations can be found
in the Paper I11.)
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Figure 2.7. Acoustic performance parameters under 0.05 Mach mean flow
conditions.

The experimental realization of optimized design (Res. 0.25) provides a very
high and wide TL peak at predicted center frequency (the most upper graph in the
Fig. 2.7). Nevertheless, the not optimized configuration with relatively small
resistance provides a comparable TL performance, thus one configuration cannot
be preferred over another based purely on the TL spectrums. In addition, it should
be noted that the expected sharp TL peak is cut-off in case of the Res. 0.05. This
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is believed to be a consequence of experimental difficulties with realizing
completely sealed silencer cavity in the Res. 0.05 prototype configuration. Such
imperfectly sealed cavity is expected to increase the indicated sound absorption
and reduce reflection.

Now by further studying the sound power spectrums of absorption and
reflection (Fig. 2.7), it is clear that the optimized prototype configuration
Res. 0.25 provides absorptive type of sound attenuation with negligible reflected
contribution i.e. the sound attenuation is achieved predominantly by the acoustic
damping at the perforate. In addition, regardless of the imperfectly sealed cavity
of the Res. 0.05 configuration, it provides more reflection compared to the
Res. 0.25.
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3 Development of Absorptive Flow Duct Element

Advanced computer aided technologies such as laser cutting, etching and
jetting enable custom perforations to be applied not only on planar elements but
also on tubular elements commonly used in flow-duct applications. Although this
approach provides desired alternative when the standard MPPs cannot fulfill
desired design criteria, often existing acoustic transfer impedance models are
deficient because of their empirical nature in flow related terms. In addition, the
process of interaction between sequential apertures of random geometrical shape
is not fully clear. Therefore, an experimental approach has to be used for the
evaluation of different custom perforations and also can be used for the
determination of corresponding semi-empirical transfer impedance model.

In the development of the custom absorptive flow duct element herein, the
application of Formula SAE (Fig. 3.1) silencer is considered. Since the
temperature can reach up to 700 °C the use of aluminum based mass produced
MPPs is not possible in this case. The dominating frequency of tailpipe noise is
caused by the engine ignition frequency and its multiples, which means low
frequency source. In general such low frequency sources can be attenuated most
efficiently by means of the reflection. Hence, on one hand it is desirable to
produce wideband losses by the dissipation of the MPP while on the other hand
the perforation should provide an easy access to the expansion chamber for low
frequency reflection purposes.

The main part of viscous losses in perforations are originating from acoustic
boundary layer, thus it is expected that the aperture shape with longer perimeter
and smaller area provides more wideband dissipation. Therefore, as the first
approximation, the ratio of aperture perimeter over its area (PA ratio) is used as
a characterizing parameter for aperture shapes. In this work the geometrical
shapes of circle, triangle and slit with different PA ratios are used. In addition,
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two different perforation ratios and slit orientations are considered. The resulting
perforations are listed in the Tab. 3.1.

Table 3.1. A technical description of the perforated samples investigated.
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mm rat. )
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Acoustical properties of tubular test samples are compared in the highly
reflective measurement chamber sketched in the Fig. 3.2. The resulting acoustical
properties are then compared in case of all the samples (Tab. 3.1) i.e. a so called
black box approach by means of Two-port formulation is used. In addition to the
five test samples, the reference case with conventional perforation provided of
circular apertures of 3 mm in diameter and wrapped into 20 mm thick natural
wool, is also included in the investigation.
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Figure 3.2. A measurement chamber incorporating a centrally positioned
perforated test sample (1) (measurements are given in mm).

The appropriate parameter to evaluate the samples in this experimental setup
(Fig. 3.2) is the absorption coefficient based on the experimental Two-port data
and defined as:

A, = (3.1)

1+ M)
[l Tl vy 1+ M)

_['R '(1+Ma)

In Eq. (3.1) the cross-sectional area, the speed of sound and the density of the
fluid are assumed to be the same in both ports. Such absorption coefficient
spectrum describes the acoustic power contribution that is not reflected nor
transmitted, in case of incident sound power in port @ normalized to 1 W. It
includes the effects of dissipation at the perforate as well as the wave interference
inside the cavity.

In the Fig. 3.3 the spectrums of experimentally determined absorption
coefficients (Eq. (3.1)) of the high perforation ratio test samples are compared to
the dissipative reference setup containing natural wool. In the graph, three
distinguishable trends can be observed. The expected highest value wideband
absorption coefficient spectrum of the reference configuration is caused by the
dissipation in the natural wool. The relatively low value of wideband absorption
can be observed in case of the sample 1 and 2, while the sample 3 provides a
noticeable more wideband absorption believed to be originated from the
dissipation at the perforate. Furthermore, the level of the characteristic peaks is
also preserved, i.e. the incident acoustic waves can penetrate the perforation, and
thus the potential attenuation of the expansion chamber can be implemented. In
addition, it should be noted that the PA ratio of the sample 3, which provided
significantly higher wideband absorption, is larger compared to the relatively
similar values of the sample 1 and 2. Based on the results in the Fig. 3.3, it can
be concluded that the PA ratio can be used as the first approximation to quantify
the potential dissipation of the perforate. (More experimental results regarding all
the test samples in the Tab. 3.1 can be found in the Paper V)
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Figure 3.3. The absorption coefficient of sample 1 (red dashed), sample 2

(green solid), sample 3 (blue dotted) and reference setup with wool (orange

dashed).

Based on the experimental results obtained by the black box approach, the
lateral slit type perforation with perforation ratio of 10 percent is found to be
suitable for the formula SAE straight-flow exhaust silencer prototype. The
expansion chamber geometry is designed to maximize low frequency reflections
by implementing all the space determined by the geometrical constraints. In
addition, the chamber is irrationally divided in order to avoid attenuation minima
at half wave length multiples of chamber length. The resulting prototype silencer
is compared to the natural wool based conventional straight-flow silencer
designed for the same vehicle. Characteristic technical data of the silencers are
given in the Tab. 3.2.

The acoustic performance of the silencers (Tab. 3.2), in terms of TL
(Eq. (2.14)) in realistic mean flow conditions, is compared in the Fig. 3.4. In
general, the prototype silencer provides similar level of TL. Although at 1 kHz
the conventional silencer has higher TL, a noticeably better low frequency
attenuation is achieved by the prototype silencer. The resonant character of the
prototype silencer TL curve is believed to be caused by its shell vibrations which
is made of thin material. In addition to the comparable or higher TL, one should

note the significant weight reduction of the prototype unit over the conventional
silencer (Tab. 3.2).
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Table 3.2. A technical description of the micro-perforated prototype silencer
and the conventionally perforated silencer filled with fibrous material.

Name Prototype Conventional Silencer
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Figure 3.4. The transmission loss of the prototype silencer (gray solid) and

conventional straight-flow silencer (orange dashed) in 20 m/s mean flow
conditions.
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General conclusions

)

2)

3)

A significantly reduced dissipation of incident sound power at
approximately half of shaft rotational frequency is observed in case of close
to surge operation. It is believed that the local flow instability, known as
rotating stall, modulates the incident acoustic waves and thus causes
amplification. Nevertheless, the overall losses in the compressor flow field are
higher and, as a consequence, there is no net amplification. Based on these
observations, it is concluded that, from the perspective of acoustic initiation
of surge, the amplification is found to be irrelevant.

In case of close to surge operation, a large broadband increase of flow
generated sound (>10 dB) at both compressor branches is observed. In
particular, high sound generation ~120 dB at very low frequency is also
noticed. Considering the high level of sound generation and negligible
dissipation of incident sound at low frequency, it is concluded that the
compressor surge could be initiated by the accumulating acoustic energy
which causes a significant disturbance of the aerodynamic field.

The compact silencer optimization technique, based on the Cremer
optimum impedance concept, is proposed herein. It is demonstrated
numerically and also experimentally that, by following the proposed
optimization technique, a very high level of dissipative attenuation is achieved
at desired target frequency. Moreover, almost constant high level of damping
in a wide frequency band can be realized by splitting the silencer into
separately optimized sections. Considering the numerical and experimental
results, it can be concluded that such modular and wideband silencer is
convenient for noise control in limited space conditions and can also handle
sources with varying frequency signature, e.g. automotive compressors. In
addition, as this type of optimized compact silencer is of dissipative type, it
provides robust noise control which could also be relevant from the
perspective of surge initiation.

A custom absorptive flow duct element is experimentally developed
considering the requirements for exhaust silencer of a Formula SAE race car
prototype. It is demonstrated that the prototype silencer provides similar or
better transmission loss performance compared to the classical dissipative
silencer while being significantly lighter in weight and not employing fibrous
materials. In addition, the Formula SAE car, equipped with the silencer
prototype, successfully passed the noise emission test and participated in the
endurance race competition. Considering all the previous, it can be concluded
that such element can be successfully used in the high-temperature flow duct
applications.

Scientific novelty

The first part of the present work represents, according to the author’s

knowledge, the first successful attempt to use accurate and detailed methodology
to investigate the centrifugal compressor sound generation and surge initiation by
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the acoustic field. The experimental results regarding the coupling between
instable aerodynamic and incident acoustic fields in the centrifugal compressor,
operating under realistic conditions, are presented. Moreover, the in-duct
reflection-free sound is extracted from overall acoustic field at inlet and outlet
branches i.e. the sound generation of the compressor is accurately determined.

The centrifugal compressor carries a key role in the modern IC engine
technology and currently the phenomena of surge restricts the efficient use of this
device. In the literature, the phenomena have received attention from many
authors. However, all the works are focused on the aerodynamic field
investigation while neglect the acoustic field. In addition, a limited number of
publications consider the noise generation of the centrifugal compressors.
Nevertheless, the methods used so far are, in essence, assuming completely
reflection-free terminations.

In the second part of the work, the optimization technique for a compact
silencer, based on micro-perforated panels, is proposed and validated by means
of FEM modeling as well as experiments on dedicated prototype. While such
innovative materials can provide a good alternative to the traditional fibrous
materials, they need to be accurately designed for specific applications, making
the optimization process essential.

The third part of the present work is dedicated to the experimental
development of custom made absorptive flow-duct element. Based on the
resulting element, a prototype silencer is build and compared with classical
dissipative silencer incorporating fibrous materials. Moreover, the Formula SAE
car equipped with the silencer prototype passed the noise emission test and the
prototype silencer was used successfully during the competition. According to
the knowledge of the author such type of silencers has not been used at the IC
engine exhaust before.

Further work

In order to further confirm the phenomena related to the flow instabilities of
the centrifugal compressor observed herein, a new test campaign could be
performed, i.e. approaching to the real limit of surge by following the constant
rotational frequency line on the compressor map. In addition to the maximum
eigenvalue, also the minimum eigenvalue as well as corresponding eigenvectors
could be studied to further determine the compressor sensitivity to the boundary
conditions in the system.

The experimental development of the absorptive flow duct element applied in
the exhaust of Formula SAE race car, should be continued by determining the
appropriate transfer impedance model for such elements. As a start, the planar
elements could be used to determine the transfer impedance in the standard
impedance tube. This could be then compared to the analytical solutions of
different transfer impedance models currently available in the literature.
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Abstract

Aero-acoustic Studies and Innovative Noise Control with
Application to Modern Automotive Gas Exchange System

In modern IC engine design turbochargers are implemented to increase the
fuel conversion efficiency and reduce emissions. Regardless the fact that almost
all of the IC engines, manufactured today, are equipped with turbochargers, the
problem of narrower mass flow range of the turbo-compressor than it is required
by the engine, jet remained. Flow phenomena posting a barrier to the low end
mass flow is referred to as compressor surge. Since the initiation mechanism of
this destructive phenomena is not clear, the current industrial practice is to
implement preventative safety margins, thus restricting the effective use of
turbochargers. If the compressor surge could be predicted or appropriate
counteractions taken, the unexploited mass flow range could be enabled. In
addition to the problem of surge, the compressors are also recognized as a strong
sources of sound.

It is supposed herein that acoustic field could play a significant role in the
initiation of low frequency phenomena of compressor surge. Moreover, all the
investigations found from literature focusing on the aerodynamic field while
neglecting the acoustic field. Therefore, in detail investigation of the acoustic
field in the centrifugal compressor is carried out in first part of the present
doctoral thesis. As a result, the coupling between the aerodynamic and the
acoustic fields have been successfully characterized. Furthermore, the generated
sound spectra are also determined accurately by extracting generated sound from
overall sound field in the compressor inlet and outlet branches.

The current noise control of the IC engine inlet is based on the reflective
resonators. In general, the substitution of reflective resonators in flow channel
applications with absorptive noise control solutions, can provide advantages in
terms of system robustness and design process. Innovative mass-produced noise
control materials, such as micro-perforated panels, can be effectively used to
substitute the traditional fibrous materials in the absorptive noise control.
Nevertheless, designs based on these materials have to be precisely fine-tuned to
fit the specific application, thus making the optimization process essential.

In the second part of the thesis the optimization method for innovative
silencer, based on the micro-perforated panels, is proposed. The optimization for
the application in the Volvo Car Corporation have successfully been done by
simplified FEM approach. Moreover, the acoustic performance of the resulting
design have been experimentally determined and analyzed.

On the contrast to a mass produced materials, in challenging environmental
conditions the custom micro-perforated elements can justify the higher
manufacturing price. Therefore, the custom micro perforated flow channel
element is experimentally developed in the third part of the thesis. Moreover the
element has been successfully applied in the silencer of Formula SAE race car.
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Kokkuvote

Kaasaegse automootori gaasivahetussiisteemide aero-
akustilised uuringud ja miira vihendamise innovaatilised
meetodid

Tanapdeval kasutatakse turbolaadureid sisepdlemismootorite tehnoloogias
selleks, et tosta kiituse muundamise efektiivsust ja vdhendada kahjulike
saasteainete emissiooni. Hoolimata asjaolust, et pea koik sisepdlemismootorid,
mis ténapdeval toodetakse on varustatud turbolaaduritega, on turbo-
kompressorite kitsa todpiirkonna probleem jadnud ikka aktuaalseks.

Uldiselt on turbokompressorite tddpiirkond massivoolu teljel kitsam, kui seda
on sisepdlemismootori oma, ja véikseim massivool on piiritletud iilerdhu
perioodiliste tagasilookide (i.k. compressor surge) ilmnemisega. Nimetatud
tilerohu tagasiloogid pohjustavad laaderdhu, ja seetdttu ka massivoolu,
perioodilist varieerumist kogu kompressorikontuuri ulatuses, mis on ohtlik nii
kompressorile endale kui ka kogu veoagregaadile tervikuna. Kuna fiiiisikaline
mehhanism, mis potentsiaalselt hivitavaid iilerdhu tagasilooke algatab, ei ole
taielikult teada, rakendatakse praktikas tOodpiirkonnale varutegureid. Kui
kirjeldatud iilerdhu tagasilookide ilmnemist oleks vdimalik tdpselt ette ndha voi
ennetada, voimaldaks see kogu kompressori toopiirkonda edukalt rakendada.
Lisaks eelnevalt kirjeldatud todpiirkonna probleemile, on sisselaskekompressorid
tuntud ka kui véga vOimsad miiraallikad. Kompressorimiiraga seotud
probleemide ilmnemisest on teada antud nii veo- kui ka sdiduauto todstustest.

Kéesolevas t60s eeldatakse, et tsiikliliste {lerdhu tagasilookide
algatusmehhanism voib olla seotud akustilise véljaga. Erinevates allikates
kajastatud eelnevad teadust6dd on nimetatud probleemi uurimisel olnud suunatud
aerodiinaamilise vilja uurimisele, mille juures on jdetud akustiline véli
tahelepanuta. Sellest tulenevalt on kéesoleva doktoritdd esimeses peatiikis
labiviidud detailne akustilise vidlja uurimine autotehnilises tsentrifugaal-
kompressoris. Uurimuse tulemusena iseloomustati akustilise ja aerodiinaamilise
vélja omavahelist seotust kompressoris ning tdpselt méérati ka genereeritud heli
spektrid nn. peegeldusvaba heli eraldamise kaudu kompressori sisse- ja
viljalaskekanalis.

Tulemustest selgub, et kompressori tootamisel madalaima voimaliku
massivoolu piikonnas madalsagedusliku heli neeldumine puudub ja méairatud
heli spektritest ndhtub, et genereeritud madalsagedusliku heli vdimsus on
suurenenud drastiliselt. Nimetatud leide arvesse vottes on alust arvata, et sobivate
piiritingimuste  olemasolul kompressorikontuuris on akustilise energia
akumuleerimine siisteemis tdendoline ning voolutingimuste mdjutamise kaudu
voib see esile kutsuda iilerdhu tagasiloogi kompressoris.

Modernse sisepdlemismootori miira emissiooni vihendamiseks on ténapéeval
kasutusel sisselaskekompressori miira tagasi peegeldavad resonaatorid. Kanalite
siisteemis, kus genereeritud helilained peegeldatakse tagasi nende allikasse,
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soltub helivoimsuse védhenemine lainete neeldumisest allikas. Eelnevalt
kirjeldatud siisteemi ja selle projekteerimisprotsessi on vdoimalik muuta oluliselt
robustsemaks, asendades peegeldavad resonaatorid neelduvate lahendustega.

Traditsiooniliselt baseeruvad neelduvad lahendused erinevat tiilipi
kiudmaterjalidel, mis aja jooksul vdivad laguneda, pohjustades kiudude
eraldumist ja materjali neeldumisvoime vahenemist. Eralduvad kiud on ohtlikud
sisepOlemismootorile ning keskkonda sattudes vovad kiud pohjustada inimestele
ja loomadele tdsiseid hingamisteede haigusi. SeetOttu iiritatakse ténapdeval
hoiduda kiuliste materjalide kasutamisest vooluga seotud rakendustes.

Kiuliste materjalide asemel saab edukalt rakendada innovaatilisi mass-
toodetavaid materjale, nditeks nn. mikroperforeeritud paneele. Selleks et
nimetatud materjale saaks miira vihendamisel efektiivselt kasutada, peavad
nendel baseeruvad lahendused olema konkreetse rakenduse pdhiselt ja tipselt
projekteeritud. Eelnevalt kirjeldatud asjaolu muudab innovaatilistel materjalidel
pohinevate lahenduste optimeerimisprotsessi votmetdhtsusega etapiks kogu
kanalisiisteemi projekteerimisel.

Kéesoleva doktoritoo teises peatiikis on késitletud innovaatilise mikro-
perforeeritud paneelidel baseeruva voolukanali summuti optimeerimist. Vilja on
pakutud meetod nimetatud tiilipi summuti optimeerimiseks, mis l&htub
voolukanali pinna optimaalse akustilise ndivtakistuse mudelist (nn. Cremer’i
ndivtakistus) ja seisneb selle reprodutseerimises mikroperforeeritud paneelide ja
lokaalselt reageerivate paisukambrite abil. Eelnevalt kirjeldatud optimeerimis-
meetodit kasutades on vodimalik kompaktse geomeetriaga saavutada véga
efektiivne heli neelduvus voolukanalis.

Kasutades lihtsustatud 16plike elementide meetodi mudelit ja kirjeldatud
optimeerimismeetodit, on kdesoleva doktoritdo raames soiduauto tootja Volvo
Car Corporation juures edukalt optimeeritud teatud rakenduses kasutatav
summuti prototiiiip. Lisaks méddrati optimeerimistulemusena saadud summuti
prototiiiibi akustilised omadused eksperimentaalselt, mille kéigus analiiiisiti
tdiendavalt ka summutust pohjustavaid fiilisikalisi mehhanisme. Tulemustest
ndhtub, et koostatud mudel on piisavalt tdpne konealust tiiipi summuti
modelleerimiseks ja modelleeritud efektiivne heli neelduvus optimeeritud
summutis on realiseeritav.

Masstoodetavate akustilist neelduvust pakkuvate materjalide valmistamis-
maksumus on suhteliselt madal. Uldiselt ei vasta aga need rasketes keskkonna-
tingimustes rakendamiseks vajalikele nduetele. Selliste rakenduste puhul on
vajalikud erilahendused, mille kdrgem maksumus on niisugusel juhul digustatud.
Eelnevast asjaolust tulenevalt on kéesoleva t60 kolmandas peatiikis
eksperimentaalselt erilahendusena vélja arendatud mikroperforeeritud
voolukanali element. Projekteeritud on ka nimetatud elemendil baseeruv
sisepOlemismootori véljalaskesummuti Formula SAE voistlussdidukile, millel
see téitis edukalt koik sellele piistitatud iilesanded nii tehnilise kontrolli labimisel
kui ka kogu voistluse viltel.
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ABSTRACT

In order to increase the internal combustion engine efficiency
turbocharging is today widely used. The trend, in modern
engine technology, is towards higher boost pressures while
keeping the combustion pressure raise relatively small. The
turbocharger surge occurs if the pressure at the outlet of the
compressor is greater than it can maintain, i.e., a reverse flow
will be induced. In presence of such flow conditions
instabilities will occur which can couple to incident acoustic
(pressure) waves and amplify them.

The main objective of the present work is to propose a novel
method for investigation of turbocharger flow instabilities or
surge precursors. The method is based on the determination
of the acoustic two-port data. The active part of this data
describes the sound generation and the passive part the
scattering of sound. The scattering data will contain
information about flow-acoustic interaction and amplification
of sound that could occur close to surge.

Here the existence of such amplification will be investigated
for a compressor operating at different operating points
including points near the surge line. In addition the generated
sound for reflection-free conditions is also investigated on
both the up- and downstream side. All the measurements
have been carried out in the unique CCGEX test rig for two-
port testing of turbo-compressors.

Copyright © 2013 SAE International
doi:10.4271/2013-01-1879

INTRODUCTION

The concept of supercharging the internal combustion engine
by extracting “wasted” energy from exhaust gases, to drive
the charger, dates from early 20 century. Although, the
original purpose of the turbocharging was to improve aviation
engines performance at high altitudes, nowadays it is widely
implemented for efficiency reasons.

In principle the high indicated fuel conversion efficiency
(IFCE) of an internal combustion engine is obtained by
increasing its indicated mean pressure (IMEP). While this can
be done by increasing the volumetric cmpression ratio
(VCR), it is not preferable due to higher combustion
temperature and therefore increased NOy emission and
thermal load of engine components. Another way is to
increase the charge air pressure by introducing a concept of
turbocharging, and if necessary reducing the VCR. However,
to maintain acceptable output torque characteristic, such an
engine would need high pressure charge air delivery in a wide
mass flow range.

Turbocharger surge occurs when the compressor outlet
pressure ratio over the inlet pressure for a given (low-end)
mass flux exceeds the pressure it can maintain. In general, at
least four type of surge, according to flow and pressure
fluctuations, are distinguished today [1]: mild, classic,
modified and heavy surge where even flow reversal can
occur.
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All these, except mild surge, are considered to be hazardous
to the compressor. Therefore, surge margins implemented
today are relatively high (~10...20%) which limits the
efficient use of such devices. In order to broaden the
operating range the phenomenon of surge has to be
investigated and preferably the inception predicted.

The acoustical two-port model is well known and commonly
implemented for the characterization of acoustical
performance of flow-duct elements including turbochargers
e.g. in [2]. Nevertheless, in the present work, a novel method
for investigation of turbocharger surge based on the acoustic
two-port data will be proposed.

This investigation represents a first attempt to apply the
proposed method on a turbocharger operating in realistic
conditions. Also to the author's knowledge, it is a first
successtul determination of a compressors complete two-port
data, i.e., both the passive and active parts.

METHOD

The acoustical impact of a linear and time invariant flow-duct
element can be characterized by means of multi-port models
[3]. Depending on the number of ports, the majority of flow-
duct elements studied are treated as acoustic two-ports (e.g.
turbocharger's compressor and turbine).

In the plane wave frequency range, the convenient choice of
state variables are acoustic pressure waves propagating in the
downstream and upstream direction [4] i.e. the acoustic
impact of a two-port is completely described by the scattering
matrix (passive properties) and source strength vector (active
properties):
[Pa+] _[Ra T,,] [Pa-] . pé]
Do+ T, RpllDp- pil’
()

where p stands for complex acoustic pressure wave
amplitude, subscript @ and b refers to the respective branch of
the two-port, superscript s denotes source term, R and 7 are
the reflection and the transmission coefficients forming the
scattering matrix (S-Matrix). Note the source term represents
the wave amplitudes under reflection-free conditions.

In order to determine the pressure wave amplitudes from the
acoustic field in flowing media at the inlet and outlet of the
two-port, the fields have to be decomposed into opposite
propagating acoustic waves. This can be done by
implementing the well-known two-microphone method [5].

While there are four unknown coefficients in Eq. 1, it
contains only two independent relations. Therefore, to
determine the S-Matrix, the acoustic field has to be modified
and two independent test scenarios generated i.e. four
independent relations are obtained. This can be realized with

the Two Source-Location method [6] where the location of an
external acoustic source (e.g. loudspeaker) is varied.

Commonly, flow-duct elements that are experiencing high
flow velocities during the operation and determination of
passive acoustic data, e.g. turbochargers, are generating high
level of aero-acoustic noise (active properties see Eq. 1). In
addition, there will be broad band flow-noise in the duct. For
accurate determination of the S-Matrix data in such
conditions, where the aero-acoustic source and a flow-noise
have to be suppressed, the loudspeaker driving signal is used
as a reference. By averaging frequency response functions
measured between the loudspeaker driving signal and the
microphone pressure signal, the uncorrelated noise will be
suppressed [4].

As discussed by Karlsson and Abom [7] any coupling
between the acoustic and flow fields will appear in the S-
matrix. This implies that damping as well as amplification of
sound due to flow instabilities can be found by studying the
S-matrix.

Concerning the hostile environment for turbo-compressor
acoustic measurements and the need for accurate S-matrix
data, the two-microphone method should be extended into
over determination with weighted residuals to improve the
accuracy of the measurements, as formulated by Jones et al.
in [8] and recently successfully implemented by Holmberg et
al. in [9]. Therefore, it is necessary to implement more than
two microphones at both branches of a two-port.

Once the S-matrix data is measured and computed, it enables
to determine the minimum and maximum values of the
difference between the scattered acoustic power and the
incident acoustic power, including all the possible excitation
combinations [10]. In order to obtain the minimum and
maximum, a power balance has to be set up over the acoustic
flow-duct element. By normalizing the total energy of the
arbitrary incident waves to unity [10], one can express the
output time averaged acoustic power in the following fashion

(Eq.2):
(Poue) = xL(STS)x_ -1,
2
where S is the acoustic S-matrix of a two-port, x is a state

— 4T
variable related to the acoustic power as (Py) = xixy and’
denotes Hermitian transpose.

Since the positive definitive matrix expression in Eq. 2 can be
reduced into a sum of squares, one can determine the
maximum possible time averaged power output as:

(Pg:i%x) = Amax -1,

3)



Downloaded from SAE International by Raimo Kabral, Tuesday, April 14, 2015

where 4,4, is maximum real and positive eigenvalue of the
matrix (S*S).

The maximum eigenvalue determined (See Eq. 2 and 3)
represent the maximum value of acoustic power ratio
potentially scattered over the incident acoustic power i.e.
amplification in case of a value larger than unity and
dissipation otherwise.

Since turbocharger surge related flow instabilities inside the
compressor are coupled with an acoustic field, an additional
aero-acoustic source will be formed which will contribute to
the overall sound field generated by the machine. This source
is expected to be affected by the incident sound waves
because of the coupling between the hydrodynamic and
acoustic fields i.e. the incident acoustic waves will be
amplified or less dissipated compared to the neighboring
frequency range.

To summarize, it is assumed that the occurrence of flow
instabilities inside the compressor is possible to detect with
the method described. Also the flow instability interacting
with the moving compressor blades will produce sound that is
expected to be seen in source cross spectrum matrix (Eq. 5).

In order to extract the source strength components from the
overall sound field in a flow-duct, the transmission and
reflection properties has to be known at each branch of the
element under investigation. These properties can be
computed from propagating complex pressure wave
amplitudes obtained from sound field decomposition
described earlier.

Once the passive properties are determined, the source
strength vector can be expressed as follows [9]:

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

4)
where pg and p are the vectors of complex pressure wave
amplitudes of source and microphone pressures respectively.
E is a unitary matrix and R denotes a diagonal matrix

containing the reflection coefficients of the test rigs
terminations.

Since the formulation (Eq. 4) is inadequate for random
sources, the more general source cross spectrum matrix
should be implemented instead [9]:

G =py(py)T.
(3)

The diagonal elements of the source cross spectrum matrix,
i.e. G11 and G22 in case of a two-port, are the single sided
auto spectra of the source strength elements at respective
branch which can be utilized to compute the generated sound
pressure level (SPL).

EXPERIMENTS

The acoustic data used here are from measurements carried
out by H. Tiikoja et al. [2] using the turbo-charger test facility
available at the CCGEx center at Royal Institute of
Technology (See Fig. 1).

Figure 1. A photo of the test-rig in the facility for
turbocharger acoustic measurements at CCGEx.

The acoustic two-port data has been measured for a typical
automotive turbo-compressor in 5 operating points (OP)
covering rotor speed variation from standing still up to 140k
RPM. The values of physical quantities determining the OPs
measured have been concentrated into Tab. 1 In addition, the
graphical representation of the OPs on the compressor map is
given in Fig. 2.

Table 1. The operating conditions of the turbocharger.

Pressure Igorr;‘clted ?otational
i ass Flow, requency,

Ratio, 1 kels RPM
OoP1 1 - -
OP2 1.28 0.054 082 304
OP3 1.85 0.119 141 643
OP 4 1.37 0.126 123 012
OP 5 1.71 0.050 120 168

While the OP1, OP2 and OP3 (See Tab. 1) are representing
rotational frequency variation with constant throttle valve
opening, the OP4 and OP5 have been chosen to investigate
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the acoustic behavior in the vicinities of choke (OP4) and
surge lines (OP5) on the compressor map (see Fig. 2).

,i:l

Figure 2. The non-stationary operating points of the
turbocharger on the compressor map.

RESULTS AND ANALYSIS

In Fig. 3 the maximum eigenvalue of the acoustic power
balance (see Eq. 3) is presented.

It can be observed (Fig. 3) that the ability to absorb acoustic
energy (eigenvalue less than unity) is highly affected by
operating conditions (e.g. the OP1 vs. the OP4) and on the
graph, three different trends directly linked with mass flux
(See Tab. 1) can be distinguished.

12

1.1 A

1
0.9 A
0.8 -
0.7 A
0.6 -
05 A

Eigenvalue [1]

04 -
03 A
0.2 -
0.1

0

0 300 600 900 1200 1500 1800 2100 2400 2700 3000
Frequency [Hz]

Figure 3. The maximum ratio of scattered acoustic
power over incident acoustic power determined in five
operating points (See Tab. 1).

The constant high level (small losses) trend is represented by
the OP1 (stationary machine). The other OPs show
considerable more losses related to, as discussed in Ref. 2,

flow induced acoustic losses. But OP5 the point closest to
surge shows an interesting deviation i.e. a local reduction in
the losses around 900 Hz. This could be an onset of mild
surge via rotating instabilities or stall.

The frequency of 900 Hz (Fig. 3), corresponds to the
rotational frequency of the impeller (2003 Hz) with multiplier
of 0.45 i.e. the frequency range where rotating instabilities
have been found in [11]. But to prove this point a set of
systematic measurements following a fixed RPM line on the
turbo map approaching surge must be performed.

In addition, the curve of the OPS5 in Fig.3 shows a sharp peak
with value larger than one i.e. the amplification of sound. In
this frequency region one could expect the surge related flow
oscillations to appear. However, unfortunately the
measurement data quality at this frequency point is
considerably low. Therefore, the conclusions regarding the
peak have to be validated in further systematic investigations.

In the following figures (Fig. 4 and 5) the SPL generated by
the compressor in its inlet and outlet ducts is presented.

In general the generated sound spectra (Fig. 4 and 5) consist
of a broad band level and very sharp peaks (tones), except
OPS5 with no narrow peaks.

The broadband level of the generated SPL is generally higher
(~5dB) at the outlet side and remains similar in all the OPs
except OP5 (i.e. close to surge) where a large increase of
~15dB can be observed (Fig. 4 and 5) at both junctions of the
compressor.

140 ~

—or2
—orP3
—ora
—ors

130 1

120 4
110 4

100 A

90 4

SPL [dB]

80 4

70 4

60 T T T T T T T T T
0 300 600 900 1200 1500 1800 2100 2400 2700 3000

Frequency [Hz]

Figure 4. The generated sound pressure level at the inlet
channel (low pressure) of the compressor at different
operating conditions (Tab. 1).

Tonal components of the generated SPL spectrums (Fig. 4
and 5) can be directly linked with the rotational frequency of
the impeller and its harmonics. These tones are caused by the
supersonic flow velocity inside the compressor impeller
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vanes inducing shock waves while interacting with the
diffusor. The resulting noise is commonly referred to as
“buzz-saw” noise [11].

—0P2

additional o

P generation —or4
I, \\\/

first harmonic
harmonic

0 300 600 900 1200 1500 1800 2100 2400 2700 3000
Frequency [Hz]

Figure 5. The generated sound pressure level at the
outlet channel (high pressure) of the compressor at
different operating conditions (Tab. 1).

The level of the harmonics is lower at inlet side since the
upstream wave propagation through the transonic flow is
restricted. Because of the flow velocity dependence inside the
vanes, the larger mass flux fill results in higher level of these
tones as can be observed in Fig. 4 and 5. In addition, the
disappearing of these tonal peaks in the OP5 (Fig. 4 and 5),
while operating close to surge, can be related to the restricted
flow through the impeller vanes creating a more unsteady
“chaotic” flow and therefore more broadband sound.

There is a noticeable hump, occurring approximately at 900
Hz, on the curve for the compressor SPL at the outlet (Fig. 5)
in case of OP5. The frequency is close to the maximum
eigenvalue peak (See Fig. 2) discussed earlier. Therefore, it
can be argued that it is the same flow instability that is being
manifested via both sound scattering and generation.

SUMMARY AND CONCLUSION

In the present work a novel acoustical method for
turbocharger surge investigation has been proposed. The
method has been tested on an automotive turbocharger
operating in realistic conditions close to surge.

It was found that under such conditions the compressor can
start amplification of sound due to flow-acoustic coupling.
The frequency, where this phenomena is observed, is
approximately half (0.45) of the impellers rotational
frequency i.e. the frequency range where rotating instabilities
are commonly found [11].

The work also represents the first successful determination of
the complete two-port data, i.c., both source cross spectrum

and scattering matrix of a compressor at different operating
points.

A large broadband increase of the generated SPL close to
surge operation was also observed. In addition, a noticeable
hump on the sound generation curve was noticed at the same
frequency range where amplification was observed. The
additional generation is believed to indicate to the flow
separation taking place inside the compressor.

The ideas presented still need more experimental data to be
fully validated. Therefore, more tests running compressors at
a constant RPM approaching surge is planned.
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ABSTRACT

Current trends for IC-engines are driving the development of more efficient engines with higher specific power. This is true
for both light and heavy duty vehicles and has led to an increased use of super-charging. The super-charging can be both
in the form of a single or multi-stage turbo-charger driven by exhaust gases, or via a directly driven compressor. In both

cases a possible noise problem can be a strong Blade Passing Frequency (BPF) typically in the kHz range and above the

plane wave range.

In this paper a novel type of compact dissipative silencer developed especially to handle this type of problem is described
and optimized. The silencer is based on a combination of a micro-perforated (MPP) tube backed by a locally reacting
cavity. The combined impedance of micro-perforate and cavity is chosen to match the theoretical optimum known as the
Cremer impedance at the mid-frequency in the frequency range of interest. Due to the high damping achieved at the
Cremer optimum (hundreds of dB/m) it is easy to create a compact silencer with a significant damping (say > 30 dB) in a
range larger than an octave. Both simulations and experimental tests of the novel silencer are presented based on a light

duty vehicle application.

CITATION: Kabral, R., Du, L., Abom, M., and Knutsson, M., "A Compact Silencer for the Control of Compressor Noise," SAE

Int. J. Engines 7(3):2014, doi:10.4271/2014-01-2060.

INTRODUCTION

In the field of internal combustion (IC) engines the marketing
success depends on complying with the continuously
increasing environmental regulations, e.g., EURO 6 [1], and
fulfilling the market expectations for fuel efficiency and vehicle
performance. Therefore, the industry main focus today is on
developing more efficient IC engines side by side with other
energy saving solutions, e.g., automatic engine start-stop or
brake energy regeneration systems.

It is a well-known fact that in order to increase the IC engine
efficiency, one approach is to increase the charge air pressure
which results in a better fuel conversion efficiency and specific
power of the IC unit while keeping the low level of nitrogen
emission. There are two main types of such devices that can
increase the charge air pressure: one which is mechanically
driven by the IC engine itself or by an additional electric motor,
and another which uses a turbine to extract otherwise wasted
energy from the hot high pressure exhaust gases. On the
modern IC engine, both solutions are commonly implemented
for covering the high pressure charge air delivery demand in a
wide mass flow range while ensuring a good transient
response.
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The expected dominating sound when such rotating devices
are used, is the blade passing frequency tone (BPF) and its
multiples. If in the audible range, such tones can be highly
annoying. This can either happen for larger compressors on
heavy duty vehicles or light duty vehicles when a combination
of a directly driven compressor, for moderate load conditions,
and a turbo-charger, for high power output operation, is used.
In the latter case tones in the audible frequency range are
caused by the compressor often of Roots type.

In order to address these noise issues, relatively robust and
lightweight compact silencer solutions are needed. As a
starting point to find such a silencer, the expansion chamber
muffler with a micro-perforated sheet tube proposed by Allam
and Abom in Ref. [2] will be used here (See Fig. 1). It was
demonstrated in Ref. [2] that such a configuration can provide
a non-fibrous alternative to the traditional dissipative silencers,
with the drawback of having transmission loss (TL) minima at
half wave-length multiples of the cavity length.

The effects of mean flow and high sound pressure levels
causing non-linear effects on the micro-perforate impedance
were also investigated by Allam and Abom in Ref. [2]. The
modelling in Ref. [2] was based on FEM neglecting convective
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flow effects but including flow effects for the micro-perforate
impedance, which is reasonable for low Mach-numbers and will
also be used here. The micro-perforate impedance was used
as a boundary condition between the two domains, main duct
and the outer cavities, see Figure 1. In order to eliminate the
minima at half-wave length multiples of the cavity length, a
solution in the form of a locally reacting limit was recently
suggested by Abom and Allam [3]. Also two different MPPs
were considered, and it was concluded that higher damping of
the sound is achievable when the acoustic resistance is
smaller than the optimum for room acoustic applications. The
conclusion being that one cannot naively use standard MPPs
for a silencer, which are optimized for applications involving 3D
sound fields in rooms [4].

250m 250m
Dividing wall
—> 75 mm
— e s e e e e uh 28.5 mm
MPP
< 500mm >

Figure 1. Geometry for the MPP muffler proposed in Ref. [2]. Circular
symmetry is assumed and the outer chamber is sub-divided into two or
several cavities by rigid walls.

In the present work, the dissipative silencer concept proposed
in Refs. [2-3] is further studied in order to find an optimum
design. Based on the proposed optimization a design for a
Compact Silencer for a light-duty vehicle charger problem is
considered. The design constraints for this case are
summarized in Table 1 and Figure 2.

Table 1. Design constraints for the compressor noise problem studied.

Inlet/outlet Average Target
Parameter | duct radius, Mach Tem pséature, frequency,
m number kHz
Value 0.03 0.05 20 2.0
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@60
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Figure 2. Geometry of the prototype MPP silencer studied. The arrow,
marked 1, points at the micro-perforated sheet tube (Acustimet™),
separating the main duct from the outer cavities. Note all outer
dimensions [mm)] except the chamber diameter are fixed during the
optimization.

A photo of the prototype built by using rapid prototyping is
presented in Figure 3.

MODELING

First a prototype silencer (See Fig. 3) will be evaluated. This
silencer was built ensuring local reaction in the outer cavities in
the frequency range of interest, but not using an optimized
cavity plus micro-perforate impedance. After validating
modelling procedures for this prototype an optimization will be
carried out by varying the chamber diameter and the micro-
perforate impedance. Through all the current work the 0"
(“plane wave”) duct mode with time dependence of exp(iwt) is
assumed and air (1.21 kg/m®) with a sound speed of 343 m/s.

Figure 3. Photo of the compact silencer rapid prototype with magnified
view of the micro-perforated (Acustimet™) sheet tube. Dimensions as
in Figure 2.

Experimental Validation Data Determination

The prototype is constructed by implementing a standard MPP
aluminum sheet (Acustimet™) under the constraints
summarized in Table 1 and Figure 2. In order to evaluate its
acoustic attenuation ability, the transmission loss was
experimentally determined using a two-port test rig [5]. The
obtained TL curve can be found in Eigure 5.

In principle, a flow-duct component as the compact silencer
treated here can be completely modeled by a finite element
method (FEM) approach. Nevertheless, the relatively small
aperture dimensions and complicated surface geometry of the
MPP would require very fine grid elements and therefore, is
computationally expensive. Moreover, since wave propagation
in the cavity can be neglected, except normal to the perforated
surface, its acoustic effect can be described by an impedance.
Hence, a more efficient approach is a simplified model, where
a locally reacting surface will be entered into the FEM model
using an impedance boundary condition representing the MPP
and the outer cavity.
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Wall Impedance Determination
The wall impedance is a consequence of two parts a perforate
(MPP) and an adjoining cavity, acting together so that:

Zwa = Zupp + Zeav »
(1)

where

Z . -anormalized surface impedance,

wall

Z,pp - the normalized MPP impedance; and

Z.,, - the normalized cavity impedance.

Guo et al. gave an overview in Ref. [6] on the semi-empirical
modeling of micro-perforate transfer impedance. They also
investigated the effect of flow and based on experiments at
KTH, they suggested correction terms for the acoustic
impedance under grazing flow conditions. In addition, they
showed that the acoustic mass end correction term for the slit
types of MPP, e.g. as the Acustimet™ panel used here, can be
neglected. The acoustic resistance Re(Z,,.,) of the slit type
MPP can be computed from:

-1
iwt [ tanh(keVi 4R M
r = Re ]t 1_# N S+M+ﬁ_
oc ki gpc  oc o
2
and the reactance Im(Z,,,,) from:
iwt[ tanh(k,vi)]
% =Im{—|1 - ———~| |,
oc Vi
3

where

w - a radial frequency, s™";

p - the density of the medium, kg-m™3;

k - shear wave number, m™';

t - the thickness of perforated panel, m;

o - the porosity of the perf. surface;

B - a factor for grazing flow effects;

u, - peak particle velocity in apertures, m-s™;

R, - surface resistance, Pas-m™"; and

M - Mach number of grazing flow.

The shear wave number, which relates the aperture

dimensions with the acoustic boundary layer thickness, is
defined as:

4)

where

d - the slit width, m; and

U - the kinematic viscosity of medium, m?-s".

Finally, the surface resistance which is a consequence of
oscillating motion of the fluid on the surface of a perforated
panel, can be found from:

1
Rg = Ew/prn ,
%)

where
n - the dynamic viscosity of the medium, kgm?-s~'.

The normalized resistance (Eq. 2) is a sum of four terms which
relates acoustic losses with viscous effects inside the
apertures, first term, and outside, the last three terms. The
non-linear effects (the second last term in Eq. 2) proportional to
the velocity in the holes u, can be important for applications on
IC-engines but will for the present study be omitted. As also
seen from Eq. 2 and Eq. 3 a grazing flow will affect (increase)
the resistance but not affect the reactance.

The analytical model for the acoustic cavity impedance has
been derived and proposed in the earlier paper [3] and is given
by:

H®Y (kaR)

@ ()
i|Hy (kqr) — Hy" (kqr
Z ~ 0 ( a ) Hl(z)(kaR) 0 ( a )
cav — (1) ’
o) Hy - (kaR) | (2)
H; 7 (kor) — —25—"H, " (k,7)
T P (R

(6)

where

k, - the axial wave number, m™;
R - the radius of the expansion chamber, m;

r - the radius of main duct, m; and

)
Hy' . the Hankel function of n:th kind and m:th order.

FEM Model Description

For all the FEM computations the commercial software
COMSOL Multiphysics® [7] is employed herein. The wave
equation solved in a lossless medium herein, is known as the
inhomogeneous Helmholtz equation:
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1 k?p
V2 p - g0 - = 0y,
p P~ 4a p Qm

(7)
where
p - acoustic pressure, Pa;
k - the wave number, m™";

Q,, - a monopole source, s7; and

q, - a dipole source, Nm™3.

The main duct is assumed “sound hard” i.e. the wall boundary
condition is set as:

-n, [-%(Vp - qd)] =0,

(8
where
n, - the normal vector of the flow duct surface.
Along the silencer section the wall boundary is set as:
1 iw
-n,. |——(p— )] =—-p—
" [ 14 £ da B Zwallpc
9

The wall (surface) impedance in Eq. 9 will be computed using

In order, to determine the TL of the modeled silencer the input
and output acoustic power has to be found. In order to do that
it is convenient to use reflection free terminations in the axial
direction (up/downstream), which is realized by requiring that

[8]:

[ Lw )|+ LRI
ng. > (P qa L kap_Qm

(11)

at the up- and downstream terminations. Now assuming
negligible reflected waves, the acoustic power (P, ) at the
outlet termination can be obtained by integrating the intensity
over the cross-section.

For the inlet section an incident plane wave is prescribed using
Eq. 11 and the incident power (P, ) can be directly computed.
When the input and output acoustic powers are available, the
TL is computed according to its definition as:

P:
TL = 10logy, (P;"t) .
ou,

(12)

The maximum and minimum frequencies were set to 50 Hz
and 3300 Hz respectively and the solution computed with a
step of 10 Hz. The upper limit is chosen just below the cut-on
for the 1st non-plane wave in the main duct. The resulting
model consisted of 824 grid elements which, for the 326
frequency points, took less than 2 minutes to run on an
ordinary PC.

The solved acoustic pressure distribution for the prototype
silencer at the design target frequency (2 kHz), is plotted for
the modeling domain and presented in Fig. 4. The predicted TL
spectrum is shown in comparison with the experimental data in

Fig. 5.

freq(196)=2000
Surface: Total acoustic pressure field (Pa)

A 12135

Locally reacting 12
surface (Eq. 9)

¥ -0.6907

Figure 4. Acoustic pressure distribution at 2 kHz plotted on the FEM
modeling domain for the prototype silencer with the standard MPP, i.e.
not optimized.

OPTIMIZATION

The TL performance of the locally reacting compact silencer is
determined by its surface impedance formed by the MPP and
the adjoining cavity. As a consequence, in order to control the
TL performance, one has to optimize the surface impedance.
Now the question arises, which complex acoustic impedance
value would give the highest TL value? A similar problem was
encountered by L. Cremer who in 1953 derived the surface
impedance of maximum sound damping, assuming local
reaction, achievable in an infinite rectangular duct [9], as:

ka
Zer = (091 — 0.761')? ,

(13)
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where

Z,, - the normalized surface impedance for theoretical
maximum sound damping in an infinite rectangular duct; and

a - rectangular duct cross-section height, m.

In 1973 B. J. Tester suggested an expression for optimal
impedance for circular ducts and also included a correction for
mean flow effects [10]:

) kr
ZCC = (088 = 0381)m )

(14)
where

Z. - the normalized surface impedance for theor. maximum
sound damping in a circular duct.

Assuming one could realize this Cremer impedance for each
frequency, one can compute the theoretical maximum damping
for the prototype silencer in Figure 3. This is shown as the red
curve in Figure 5.

Transmission Loss under no flow conditions

—— Experiment
i = simplified Model
7= —Cremer Maximum

Transmission Loss [dB]

0 - : : ; ; ; E ! J
0 350 700 1050 1400 1750 2100 2450 2800 3150 3500

Frequency [Hz]

Figure 5. The results of experimental validation of sound transmission
loss obtained by the simplified modeling approach (green and blue
curves) for the prototype silencer (Figure 3). The red curve shows the
theoretical maximum damping for the silencer using the so called
Cremer impedance. All results are for no flow.

To see how a Cremer impedance can be created by the
prototype silencer, one must first realize that the resistance of
the total wall impedance (Eg. 1) is controlled by the MPP.
Therefore, the resistive part of the MPP impedance has to
match the real part of the Cremer impedance at the target
frequency. In Figure 6 the Cremer resistance based on Eg. 14,
and the resistance of a standard MPP, used for the prototype,
plus one possible MPP choice that matches the Cremer
resistance at 2000 Hz see Table 2, are shown.

Table 2. The geometrical parameters of the MPP slit type panels
studied. The optimized MPP is designed to equal the Cremer
resistance at 2 kHz for r = 30 mm.

MPP panel Thickness | Perforation | Averaged slit
P [mm] ratio [1] width [mm]
Standard 1 0.043 0.095
Optimized 1 0.062 0.210
A tic resi at Mach ber 0.05

L B S

16
=14 4
8 ——Standard MPP
S 121 [
] ptimized MPP
é 14 | = =Cremer Opt.
g 08 1 The matching
g 06 A point of 2 kHz
2 L o

0.2 4 T el T

Py i

0 350 700 1050 1400 1750 2100 2450 2800 3150 3500
Frequency [Hz]

Figure 6. Comparison of acoustic resistance between a standard and
an optimal MPP (with slits) and the Cremer resistance. Desired target
frequency for maximum damping is 2000 Hz.

After the real part is fixed according to the Cremer impedance,
it is necessary to address the imaginary part to achieve the
desired optimum damping at the target frequency. The
imaginary parts of the MPPs impedance, are compared with
the optimum in Fig. 7.

T atMach ber 0.05

18 T R g S I remeeee
16 :
14
12
1.0
0.8
06
0.4
0.2
0.0 o
0.2
0.4

oo i h

["—standard mpp |
=== Optimized MPP \

= = Cremer Opt. J

Normalized reactance [1]

0 350 700 1050 1400 1750 2100 2450 2800 3150 3500
Frequency [Hz]

Figure 7. Comparison of acoustic reactance between a standard and
an optimal MPP (with slits) and the Cremer reactance. To reach the
Cremer optimum a cavity with the right amount of negative reactance
must be added to the MPP positive (“mass”) reactance.

Since the MPP reactance is always positive while the Cremer
reactance is negative, the cavity must be used to reach the
optimum reactance value. In addition, as the cavity impedance
is a periodic function, there is more than one possible solution
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for realizing the Cremer reactance at the target frequency. In
Fig. 8 two possible alternatives are shown for the prototype
silencer case and a target frequency of 2000 Hz.

A tic r atMach ber 0.05

===Cav.R=49mm

Normalized reactance [1]
=)

The matching
point of 2 kHz

0 350 700 1050 1400 1750 2100 2450 2800 3150 3500
Frequency [Hz]

Figure 8. Acoustic reactance of two different cavities suitable for
realizing the optimum reactance for the prototype silencer at 2000 Hz.

The best choice to get a compact silencer and to make the
resulting damping curve more broad-band, is the smallest
cavity radius which satisfies the optimum condition.

The predicted TL performance of the optimized compact
silencer configuration with a cavity radius of 49 mm and the
MPP data from Table 2, is presented in Fig. 9.

T ission Loss at Mach ber 0.05

| | —First Prototype

- = Optimized
| = = Cremer Maximum

— Two Optimized Sections

i | == Three Optimized Sections

Transmission Loss [dB]

0 350 700 1050 1400 1750 2100 2450 2800 3150 3500
Frequency [Hz]

Figure 9. Predicted sound transmission loss for the prototype silencer
for different configurations of MPP + cavity impedance. The optimized
result is obtained by tuning the wall impedance based on Cremer's
impedance at a target frequency 2000 Hz. By splitting the silencer in 2
or 3 sections tuned to 1500&2500 Hz and 1500&2000&2500 Hz,
respectively, a more broad-band damping behavior is possible, see
Table 3.

As expected the maximum TL value (Fig. 9) at the target
frequency of 2 kHz coincides with Cremer's theoretical
maximum which is approximately 60 dB. The peak TL of the
optimized configuration is very high, but due to break-out
radiation, flanking transmission etc. not practical. Therefore, it
could be more effective to utilize the theoretical high damping
per meter by dividing the locally reacting silencer into a few

separately optimized sections while keeping the total length of
the silencer. The predicted TL for two such configurations are
shown in Fig. 9 with the design data summarized in Tab. 3.

Table 3. Design constraints for the optimized sections shown in Figure
9.

Section 2 Section 1 Section 3
o] 4
name length, | freq., length, | freq., length, | freq.,
mm kHz mm kHz mm kHz
Optimized - - 96 2.0 - -
Two optimized
sections 48 1.5 - - 48 25
Three optimized 48 15 20 20 28 25
sections : : .

As can be seen in Fig. 9 the compact silencer configuration
with three separately optimized sections, while still ensuring
local reaction of the cavity, will give approximately constant TL
(32 + 2 dB) in a wide frequency band around the target
frequency. This type of behavior would provide a good and
robust noise control solution which can handle varying
operating conditions.

Furthermore, the division into separate small standalone
sections is improving even more the packing possibilities in,
e.g., an engine compartment of a car or truck, which makes it
an attractive choice for limited space conditions.

REALIZATION OF OPTIMAL DESIGN

The dimensions of the original cavity (See Fig. 2) does not
meet the resulting requirements of R = 49 mm from
optimization at target frequency of 2 kHz. Therefore, the
optimal perforation as well as the frequency of TL peak will be
different for the original cavity.

Acustimet™ MPP with the thickness of 1 mm, perforation ratio
of 6.5 and the slit width of 0.240 mm, was utilized with the
prototype cavity (Fig. 2 and 3) in an acoustic performance
investigation of such type of silencers, reported in [11]. This
combination matches the Cremer impedance closely under
Mach 0.05 mean flow conditions and a frequency of 12.6 kHz.
Respective experimentally determined TL spectra is plotted in
Fig. 10.

Expectedly this close to optimal configuration gives a very high
and broad TL peak (Eig. 10) at a frequency determined by the
Cremer impedance. As the damping in such a dissipative setup
is length dependent of the locally reacting surface, and since
the length is seen longer in upstream propagation, the TL
spectra in that direction is noticeably higher.



Downloaded from SAE International by Raimo Kabral, Tuesday, April 14, 2015

1578 Kabral et al / SAE Int. J. Engines / Volume 7, Issue 3 (August 2014)

——Upstream

—Downstream | |

Transmission Loss [dB]

10 i

0 g T T T T T T T T 1

0 350 700 1050 1400 1750 2100 2450 2800 3150 3500
Frequency [Hz]

Figure 10. Experimental TL of the compact silencer configuration
consisting of prototype cavity (Fig. 2 and 3) and close to optimal MPP
under 0.05 Mach mean flow conditions at 712.6 kHz [11].

SUMMARY AND CONCLUDING REMARKS

In the present work, a novel type of compact MPP silencer is
discussed and it is demonstrated how the damping can be
optimized using the so called Cremer impedance. This
optimum can be used for all silencers systems that are locally
reacting and ensures maximum dissipation of the fundamental
(plane wave) mode. Despite its potential for reaching very high
damping levels, several hundred dB/m, this possibility has
rarely been used in practical silencer design. For medium and
high frequencies the Cremer impedance will lead to dissipative
type of silencers. But since the impedance is proportional to
the Helmholtz-number, see Eq. 14, it goes to 0 for low
frequencies, i.e., giving a reactive silencer or resonator.

The optimization results presented are based on a prediction
model validated by experimental data. In addition to modelling
results, the experimentally determined transmission loss curve
of the existing prototype cavity equipped with approximately
optimal Acustimet™ MPP under 0.05 Mach mean flow
conditions has been presented. But still it remains to build and
test more optimized silencers, in particular the effect of flow,
high sound levels and separately optimized sections.
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NOISE
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Abstract: In modern IC engine design
super-chargers are utilized to increase the
fuel conversion efficiency. Nevertheless,
these components are also recognized as
strong high frequency noise sources in the
engine compartment. For installations
under such limited space and high sound
pressure conditions innovative noise
control concepts are essential.

To reduce this type of noise a new type of
silencer based on micro-perforated plates
and optimized using the so called Cremer’s
acoustic impedance is proposed and
investigated experimentally. The
experimental data is also used to validate
modelling done on the new silencer.

Key words: Compact silencer, Micro-
perforated, Acoustic impedance, Super-
Charger.

1. INTRODUCTION

Since 2015 the vehicle manufacturers have
been obliged to implement engines
complying the Euro 6 emission standard
[']. To this aim, the super-charging of the
engine is almost un-avoidable, as it
increases the indicated fuel conversion
efficiency. On the other hand, additional
concerns related with high frequency noise
generation, will arise from compressors.
Traditional solutions to reduce intake noise
of the IC engine are based on the well-
known Helmholtz resonator, which reflects
sound generated back to the source.
Moreover, sound reflections also occur at
the opening of the duct termination (See
e.g. [?] or [*]). Therefore, in such solutions,
the noise dissipation relies on the source
ability to absorb the reflected noise.

To overcome this dependence, and to
design a robust noise control solution, the
sound has to be dissipated by properly
designed absorptive elements.
Traditionally, dissipative silencers are
based on fibrous materials, which pollute
the medium and, when integrated to the air
inlet, can cause failure of the IC unit.
Therefore, producing acoustic absorption
with non-fibrous materials is of interest.
The idea of producing acoustic resistance
in room applications by employing the
viscosity in circular small apertures (in
order of acoustic boundary layer) is
originated from D. Y. Maa [*]. Usually,
producing such acoustic elements is a time
consuming and expensive process. These
issues can be overcome by using mass
produced sound absorbing panels called
Acustimet™ [°].

These panels were studied also as one
possible noise control solution in vehicle
applications (See e.g. [°]). In addition, a
new type of silencer based on the micro-
perforated panels (MPP) was proposed and
studied by Allam and Abom in [7]. In order
to eliminate the drawback of having
transmission loss minima at half-wave
length multiples, the locally reacting limit
was formulated by Abom and Allam in [*].
The proposed design consists of straight-
flow channel made of MPP that is adjoined
to locally reacting cavity, thus resulting in
a locally reacting surface.

Kabral et. al. proposed the optimization
technique for such compact silencer in the
[°]. The essence of the method is matching
the acoustic wall impedance with the
Cremer optimum impedance ['°]. The latter
was derived to obtain the highest sound
damping in an infinite channel. The



concept was developed further by Tester in
[''], who derived the expression for the
circular cross-section, and also added the
plug-flow correction as follows:

kr
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ce = ( D a T e
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Zc. — the norm. surface impedance for
theor. maximum sound damping
in a circular duct;

k - the wave number, m™;

r  — the radius of the channel, m;

M - the Mach number.

The investigation in [’] was carried out by
employing simplified FEM model where
the cavity and perforation of the compact
silencer were defined as an acoustic
impedance boundary condition. The model
was been validated with hi-resistance
configuration under no flow conditions.
The results indicated that, by implementing
this optimization technique, very high
controlled sound damping is achievable.

In the present work, a systematic validation
of the modelling, and a detailed
investigation of the sound damping
mechanisms, will be performed. The same
prototype cavity, used in [°], will be
implemented in configuration with three
different Acustimet™ MPPs (see Fig. 1).
In addition, the same simplified FEM
model is employed to compute acoustic
quantities corresponding to the Cremer’s
optimum.

290
60
]

Fig.1. The sketch of the prototype silencer
[°] with indicated MPP in field no. 1.

2. METHOD

In order to evaluate if the MPP and cavity
combination is optimal, the acoustic
impedance of the absorbing surface has to
be determined and compared to the
Cremer’s optimum. In the compact silencer
this impedance is formed by contributions
from MPP and the locally reacting cavity
as

Zsurf =Zupp + Zcav (2)
where
Zsury — anormalized surface impedance;
Zypp — the normalized MPP impedance;
Zcqy — the normalized cavity impedance.

The geometrical parameters are known in
case of two of the three MPP Acustimet
included in the investigation (Tab. 1). As a
consequence, the acoustic transfer
impedance can be determined by means of
existing semi-empirical models. On the
other hand, exact parameters of the
Acustimet panel with largest apertures are
unknown, except the thickness, which is
Imm for all the panels. Therefore, the
acoustic transfer impedance of this panel
will be determined experimentally.

Name Perforation Slit width
Ratio [mm]

Res. 0.05 Unknown Unknown
Res. 0.25 6.5 0.240
Res. 1.50 4.3 0.095

Table 1. Geometrical parameters of
Acustimet MPP’s.

2.1 Acoustic impedance models

The comprehensive overview of the
existing semi-empirical models for MPP
transfer impedance has been given by Guo
et. al. in [®]. The resulting model of slit

type MPP, utilized also herein, was
validated experimentally by testing
different Acustimet™ panels.

The acoustic resistance Re(Z) and

reactance Im(Z) of Acustimet MPP is being
computed as:
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where
w - aradial frequency, s™';
p — the density of the medium, kg/m?;
k - shear wave number, m™;
t — the thickness of perforated panel, m;
o — the porosity of the perf. surface;
B — afactor for grazing flow effects;
up — peak particle velocity in apertures,

m/s; and
Ry — surface resistance, Pas/m.

The shear wave number which is used to
relate the acoustic boundary layer thickness
with the dimensions of the aperture, is

defined as:
k=d /“’ 5
T N4 )
where

d - the slit width, m; and
v — the kinematic viscosity of
medium,m?/s.

The consequence of the oscillating motion
of the fluid on the perforated surface is the
increase of the acoustic resistance, which
contribution is given by [°]:

\2pwn, (6)
where

n - the dynamic viscosity of the
medium, kgm2/s.

Ry =

N[ =

The equation for cavity impedance,
implemented herein, was derived in [8]
as:

Zeav =
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where
k, - the axial wave number, m'};
R - the radius of the expansion
chamber, m;
r  — the radius of main duct, m;

H,(,'f )_ the Hankel function of n:th kind
and m:th order.

2.2 Experiments

The experimental procedures in the present
work is considering plane wave 0" duct
mode and assuming time dependency of
exp(iowt). Consequently, the well-known
acoustic two-port model ['?] for flow-duct
elements is  appropriate  for the
investigation.

Depending on the selection of acoustic
state variables, the linear relation of the
states between the ports are given though
either acoustic scattering (Eq. 8) or transfer
matrix (Eq. 9) [?]:

[pé+ pa+] [ [a— pé’_]
Ph+ Pbe] LTa Pb- pb-|
®

[Pclz szlI]_ Tiq T12] [Pb pll)l]
% qd T21 T2 a |

®

where pl, and p}_ are complex acoustic
pressure wave amplitudes at port a and b of
the first and second set of state variables.
The subscript + and — indicate the
propagation direction; R and T are complex
reflection and transmission coefficients.

pk and g} are total acoustic pressure and
acoustic volume flow at port a and b of
first and second set of state variables.

By considering the number of unknowns in
these matrixes, and by assuming not



symmetric setup, two sets of linearly
independent state vectors have to be
experimentally determined.

While the elements of scattering matrix are
straightforward description of the wave
interaction problem, the transfer matrix
formulation is more appropriate for
estimation of transfer properties, e.g.
acoustic impedance. Moreover, one can be
obtained from the other one by linear
transformation of the state vectors.

In order to determine the necessary state
vectors of two-port, the acoustic pressures
at both branches are measured with duct
wall mounted microphones. Finally, the
wave decomposition is carried out
according to technique described in ['*].
For perforated elements, whose thickens is
much smaller than the acoustic wave
length, the air inside the apertures can be
considered as lumped mass. In this case it
can be shown that the transfer matrix
elements (Eq. 9) become Ty; =1, T, =0,
T2z = 1and Tyy = Zypppoc/A.

2.2 Performance parameters

The most common quantity used to
evaluate the acoustic performance of a
silencer is sound transmission loss (TL).
The TL can be interpreted as the loss of
acoustic power in sound transmission
through the two-port element. This can be
obtained from the transmission elements of
the scattering matrix (Eq. 8) according to:

1

The Eq. 10 is valid in case of same cross-
sectional area in both ports (¢ and b),
negligible flow pressure loss and
temperature gradient.

The transmission loss is produced by the
absorption and reflection of incident
waves.

The latter is not favorable, in terms of
robust noise control solution, since it relies
on the ability of the source to absorb the
reflected waves. Hence, the TL alone is not

sufficient to evaluate the silencers acoustic
performance.

In addition to the TL, the absorption
coefficient spectra are commonly studied
to evaluate the silencer ability to absorb
sound. This can be computed by utilizing
the scattering matrix elements and
normalizing the input sound power to 1W
as:

(1-Mm)?

A=1- |R|2m— IT|?,

an
The absorption coefficient provides insight
of how much incident sound power is
absorbed. This is not adequate to evaluate
the performance of the absorbing element
of the silencer as soon as R becomes not
negligible. In addition, the absorption
coefficient is computed in linear domain
while the sound perceived by the receiving
person is in logarithmic scale.

Therefore, for optimization purposes, the
sound actually entering the silencer has to
be considered. This can be done by
computing sound absorption (SA) instead
of absorption coefficient as:

(1—M)?
1— R =57
1+ M)2
SA = 1010g10 |T(|2 ) )

(12)

Also the sound reflected can be obtained in
similar fashion as:

(1-M)?
R =-101 1—|RP—%),
S 0810 [R| 1+ M)?
(13)

The set of TL, SA and SR will give
detailed description of the silencer acoustic
performance  and  quantification  of
dampened, absorbed and reflected sound
power. Hence, the set of these logarithmic
quantities is adequate to evaluate the
goodness of the optimized silencer.



3. RESULTS

The normalized acoustic resistance and
reactance of locally reacting surface inside
the compact silencer prototype has been
computed by means of Eq. 3, 4 and 7 for
Res. 0.25 and Res 1.50 MPPs (See Tab. 1).

~
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1 q|---Res.0.25
0.8 4[-Res.1.50
—Cremer

Norm. Acoustic Reactance [1] Norm. Acoustic Resistance [1]
°

0 350 700 1050 1400 1750 2100 2450 2800 3150 3500
Frequency [Hz]

Fig. 2. Acoustic Impedance of the locally
reacting surface inside the compact silencer
prototype for no mean flow case.

The respective quantities of Res. 0.05 MPP
are  obtained by combining the
experimentally determined transfer
impedance with the Eq. 7 according to
Eq. 2. These results are plotted in the
comparison with the Cremer’s optimum for
no mean flow case in the Fig. 2.

In the Fig. 2 one can observe that, for none
of the configurations, the total (Eq.2)
acoustic impedance is not matching exactly
the Cremer’s optimum. Nevertheless, the
prototype provided with the MPP of Res.
0.25 is matching the above optimum at
around 2.5 kHz, since the delivered
normalized resistance is only 0.1 lower.
However, as the grazing flow on the
surface of MPP generates additional
contribution to the resistance (See Eq. 3), it
is expected to match the Cremer condition

even better when a mean flow through the
silencer is introduced.

In the Fig.3 the acoustic surface
impedance of the configuration with the
Res. 0.25 MPP is computed and compared
to the Cremer optimum in case of 0.05
Mach mean flow condition.

||---Res.0.25
—Cremer

Norm. Acoustic Resistance [1]

0.3 4

05 4

Norm. Acoustic Reactance [1]

-0.7

0 350 700 1050 1400 1750 2100 2450 2800 2150 3500
Frequency [Hz]

Fig. 3. Acoustic Impedance of the locally
reacting surface inside the compact silencer
prototype for 0.05 Mach mean flow case.

It can be seen in the plot (Fig. 3) that, in
case of 0.05 Mach mean flow, the Cremer
condition is closely fulfilled.

In the following figure (Fig. 4) the set of
acoustic performance quantities (See Eq.
12 and 13) are plotted for the three
compact silencer configurations in no mean
flow conditions.

The wide and low TL peak of Res. 1.50
configuration in Fig. 4 indicates the
absorptive type of damping which can be
confirmed by observing the SA curve of
the same configuration. In this setup the
acoustic resistance is too large, i.e. the
access to the cavity is restricted and,
therefore, the cavity is not efficiently
utilized.

Although this type of low reflection
behavior (See the SR curve in the Fig. 4) is
desirable in anechoic terminations, it is not



optimum in perspective of space, and
hence it will not be considered further.
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Fig. 4. Acoustic performance quantities
under no mean flow conditions.

The other configurations in Fig. 4 have
both high TL peaks. For this reason, by
looking only at the TL spectrums, it would
be hard prefer one over another.
Nevertheless, by studying the SA an SR
spectrums, the mechanism on sound
damping is revealed. One has to note that
the cut-off of the peak of the configuration
Res. 0.05 is believed related with the
experimental difficulties to realize the
completely sealed cavities. This means that
even higher reflection properties are
expected.

The transfer impedance of the MPPs has
been determined for planar elements,
whereas the plates inside prototype are
bended to tubular shape. Nevertheless, the

numerical results of simplified FEM model
presented in [°] are validated reasonably
well for both configurations in the Fig. 4.
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Fig. 5. Acoustic performance quantities
under 0.05 Mach mean flow conditions.

Accordingly, this modelling technique can
be efficiently utilized in the optimization
process.

In the Fig.5 it is observable that the
absorption properties of the prototype
configurations are unaffected and the
reflection of sound has been reduced
further at the resonance frequency.

4. CONCLUSIONS

In the present work a new type of compact
silencer was proposed and experimentally
investigated. In addition, the numerical
model of this silencer has been validated.



It was shown that the sound transmission
loss is not adequate for the acoustic
performance assessment of the compact
silencer.

To get better insight of the sound damping
mechanism, another set of quantities,
describing the sound power distribution,
were derived and analyzed.

This enabled to evaluate whether in a
certain configuration the absorption is
optimal.

It was confirmed experimentally that the
proposed compact silencer, optimized
according to the Cremer’s impedance, is a
very effective solution for noise control.
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ABSTRACT

To respond growingly strict environmental regulations the
acousticians are challenging to develop novel types of
silencing elements. There are different types of flow duct
elements designed for silencing the pulsating gas flows into
and out of fluid machines. The silencing effect is typically
achieved by introducing acoustic reflection and absorption.

In order to achieve a good absorption in a wide frequency
band, various fibrous materials e.g. wools are typically
implemented. However, the physical properties of such
materials do not often remain constant during the lifetime of a
silencer. As the fibers tend to relocate and can partly be
blown out to surroundings, acoustical performance may
deteriorate. Therefore, it is in great interest to avoid fibrous
materials in the design of the flow duct silencing elements.

The present work is focused on the modern type of absorptive
acoustic element - a micro-perforated element. The
absorption in micro perforated element is dominantly
originating from the viscous effect inside the openings, non-
linear acoustic vortex shedding and grazing flow iteration. To
exert the advantages of this type of perforation, the opening
dimensions have to be smaller than the thickness of the
acoustic boundary layer i.e. in the sub millimeter range.
Although different micro-perforated panels have been studied
by several authors mainly for room acoustic applications,
only a relatively few publications concerning the flow duct
elements are currently available.

Copyright © 2012 SAE International and Copyright © 2012 SAE Japan
doi:10.4271/2012-32-0107

In this paper a number of different perforated elements
including micro-perforates have been studied by varying the
perforation shape and porosity. The studies have resulted in
the development of micro perforated tubes with high
absorptive properties. The micro-perforated tubes have
successfully been implemented in the design of a Formula
SAE racing silencer.

The scattering matrix elements, as well as the transmission
loss are presented and analyzed for a variety of perforated
tubes and the complete silencer.

The results exhibit a good potential for the micro-perforated
elements developed. Also it has been demonstrated that this
type of absorptive element can effectively substitute the
conventional designs incorporating fibrous materials.

INTRODUCTION

In order to offer an alternative to traditional fibrous and
porous absorbers micro-perforated panels (MPP) have been
investigated for almost four decades. The MPP-s have
generally been found to be reliable and effective absorptive
silencer solutions suitable for in-duct applications

Generally MPP-s are installed at a small distance from a solid
surface thus forming an adjoining cavity behind the panel
(see Fig. 1). The sub millimeter pores coupled to a cavity
behind form a series of small Helmholtz resonators enabling
noise attenuation. In the past most of the MPP-s were
designed to consist of groups of circular apertures. Already
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more than 30 years ago, Maa [1, 2] developed a model to
characterize the absorption properties of MPP absorbers
having circular-shaped apertures. This model enables to
calculate the absorption coefficient of MPP as a function of
four parameters: pore diameter d, panel porosity o, panel
thickness #, and cavity depth D, see Fig. 1. One limitation of
Maa's work however is that non-uniform pore size and shape
is not taken into account.

Acoustic
wave
y
I I -

Air cavity

Figure 1. A sch tic repr tation of MPP together
with an adjoined air cavity.

The effective frequency range of MPP absorbers can be tuned
by varying the pore diameter and porosity as well as the
cavity depth. The effect of partitioning the air cavity has been
noticed by several researchers. Yairi et al [3] first
investigated the effect of subdivision of the adjoining air
cavity on the MPP transmission loss properties. Hillereau et
al. [4] considered a more complicated case where the
subdivided cell walls were also made of porous material.
They concluded that the variation of the porosity had a
significant impact on the acoustic attenuation of the MPP. A
parametric study of the MPP-s to investigate the impact of
each of these parameters on the absorption coefficient can be
found in [5, 6, 7]. Generally, the MPP offer a maximum
absorption when the depth of the cavity is approximately one-
quarter of wavelength, causing the highest acoustic particle
velocity inside the pore.

Due to the described benefits, the MPP absorbers are being
increasingly used in automotive applications, including
silencers [8, 9]. Traditionally, different sound absorbing
materials e.g. glass fiber or foams have been used in acoustic
silencers in order to achieve desirable attenuation. Those
porous absorbing materials however deteriorate over time and
are typically non-renewable. Therefore the MPP absorbers
have been found to be an attractive alternative to fibers and
foams used in silencers. Ordinary perforates used in silencers
are perforated to pore diameters in the order of millimeters
with modest inherent acoustic resistance. The MPP absorbers
typically have pore diameters ranging from 1 mm to as small
as 0.1 mm, thus providing higher acoustic resistance and
enabling improved sound attenuation. Due to the small pores
and thin panels, remarkably high sound absorption
coefficients can be achieved by relatively low material
thickness compared to porous and fibrous absorbers.

Today, commercial MPP-s have in most cases been used in
acoustic silencers. In the silencer applications the MPP-s
however typically operate without the small cavity behind the
panels. Therefore the theory by Maa's is not directly
applicable for analytical determination of the absorption
properties of the micro-perforated (MP) elements. Due to the
lack of appropriate theoretical models experimental methods
are widely implemented to investigate the acoustic
performance of MPP-s. Currently advanced and accurate
computer aided manufacturing technologies e.g. laser cutting,
etching, and jetting can be employed to produce acoustic
panels perforated by a variety of aperture geometries. The
dimensions of circular pores or of any other aperture shapes
can be designed to be uniform or varying across the panel.

Irregularly perforated apertures shapes can be designed in
order to achieve higher absorption over a wider bandwidth. A
combination of the MPP-s with different absorbing
characteristics enables to design silencers offering high noise
attenuation characteristics across a certain frequency range.

This paper presents an investigation of various custom made
MP elements designed in different perforation aperture and
porosity. The aim is to present a MP silencer element that
offers high noise attenuation over wide frequency region and
is applicable in small engine exhaust systems.

EXPERIMENTS

The experimental investigations carried out in this paper are
based on acoustic two-port model widely implemented for
various flow duct elements. A detailed overview of this
model is given in a recent paper by the authors of this work
[10]. Hence only a brief description will follow herein.

Acoustic characteristics of the two-port can typically be
described in the scattering matrix (S-matrix) form as follows:

=l gl
(1)

where py and p_ are complex pressure wave amplitudes
propagating in the pipes coupled to the two-port (see Fig. 2),
R is the reflection coefficient (RC) and 7 is the transmission
coefficient (TC) of the two-port element studied. The
subscripts a and b denote the inlet and outlet of the two-port
element as exhibited in Fig. 2.
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Figure 2. A simplified schematic layout of the
measurement setup used in this paper to study the micro-
perforated silencer elements and silencers. The white
arrows represent the distribution of acoustic energy in
case of activated loudspeaker (LS I).

The test samples investigated in this study are symmetrical
perforated (/=100mm) tubes (See Fig. 3). As the acoustic
performance of these test tubes was believed to remain
similar in both directions along the tube central axis in case
of no flow conditions, only the coefficients characterizing the
acoustic behavior in downstream direction i.e. R, and T, are
treated in this paper (See Eq. 1). In order to simulate a
realistic operating environment typically present inside a
silencer chamber the samples were tested in a custom built
measurement chamber (see Fig. 3) offering relatively high
RC values.
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Figure 3. A measurement chamber incorporating a
centrally positioned perforated test sample (1)
(measurements are given in mm).

The RC and the TC of the test object can be determined by
measuring the transfer functions between the loudspeaker
(LS) excitation signal and the microphone signals obtained at
four cross-sections of the pipes (See Fig. 2). In order to solve
the equation system (Eq. 1) the source switching (or
alternatively the load variation) techniques can be followed
[11]. In this study the source switching is performed by
activating the acoustic excitation (LSI and LSII) at side a and
b respectively (See Fig. 2). The RC and the TC are then
determined by implementing the following relations:

|R | = |H eb— Hel:a+Heb—
|Hea—H;b— - Héa—HéIb— '
2)
|T | _ |Heb+ - Hlb+Heb—
7 |H H' —HL_HY_|
ea—"‘eb— ea—"‘eb—
3)
where
H _ Healexp(ika—s) - Heaz
e+ 7 exp(ik,_s) — exp(—iky,s)
H _ _Healexp(_ika+s) + HeaZ
€™ exp(ik,-s) — exp(—ik,.s)
Hoo = Hep1€xp(iky_5) — Hep,
b+ ™ oxp(iky_s) — exp(—ikp.s)’
H _ —Hep1€xp(—ikyps) + Hep
=" oxp(iky_s) — exp(—ikp.s)’
4

H, is a transfer function respectively, M is the Mach number
of the media flowing through the two-port element, & is the
wave number and s is the microphone separation. The
superscripts I and II denote the driving signal of the
respective LS (See Fig. 2).

In order to characterize and compare the selected test samples
primarily considering the ability to absorb acoustic energy,
the absorption coefficient (AC) has been determined [12].
Typically, the AC describes the amount of the acoustic
energy absorbed by material. In case of the two-port element
incorporating an expansion chamber and quarter-wave
resonators (See Fig. 3) the AC will be additionally affected
by the interference between the incident and the reflected
acoustic pressure waves inside the chamber. Therefore the
AC can be regarded as an indicator that contributes the
acoustic energy lost by two relevant mechanisms: the sound
absorption and the interference effects taking place inside the
silencer structures. As the characterization and development
of highly absorptive MP in-duct elements was aimed, the AC
was found to be a key parameter considered in this study.

The AC can be calculated by implementing the RC and the
TC as follows [12]:

== (e [ e

To compare the acoustic performance of the complete
silencers the transmission loss (TL), as a widely used
engineering parameter, was utilized. Being a ratio of the

)
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incident and transmitted sound power, the transmission loss
can be calculated by the following relationship:
Ay ppcp - (1+ Mp)?

TL, =101 )
? Olog Ab'pa'ITalz'Ca'(l'l'l./lb)2

)
where A4 is the cross sectional area of the flow-channel, p is
the density of the flowing media and c is the speed of sound
[13].

The experiments were performed by using a dedicated hot
flow test-rig technically described in a previous study,
reported in [10]. However, all the measurements in this work
have been carried out at the ambient temperature. A
measurement section of the test rig set up for the
characterization of micro-perforated silencer elements is
presented in Fig. 4.

Figure 4. A measurement section of the test-rig
incorporating the following main parts: Pitot tube (1),
loud speaker I (2) and II (3), microphones (4), object
under test (5).

The losses of acoustic energy in the apertures of the micro-
perforated elements have been found [14] to be directly
related to the particle velocity of the elastic media inside the
apertures. Therefore, to achieve relatively high particle

velocity, a white noise excitation was chosen with average
sound pressure level exceeding 110 dB.

Technically the perforations can be defined by the
geometrical shape of the apertures and by the porosity. In this
paper the effect of aperture geometry, particularly of the ratio
between the perimeter and area (PA Ratio), has been
investigated focusing on the acoustic losses. Additionally, the
influence of the porosity has been studied experimentally.

Tubular test samples offering various PA Ratio-s and porosity
(see Table 1) were manufactured. Traditional circular
apertures, triangular and slit-type perforations were designed.

Table 1. A technical description of the perforated
samples investigated.

Name Aperture Sketch | P/A Photo Poro-
(mm) Rat. sity
1.0
Sample 4.0 10%
o >
Sangple YANCH 10%
w| | 20
=
sample) Ty j 13.4 10%
3 A
Sarzple 2%
Sarrslple 20

The samples were produced of stainless steel pipes by
employing a CNC laser tool. The minimum dimension of the
perforated apertures was limited by the diameter of the laser
beam (approximately 0.15mm). Due to technological issues
(structural stability, material melting and etc.) the maximum
porosity of the perforated samples was limited to 10% in this
study. The higher porosity would believably provide an
increase in the RC values. However, the porosities commonly
treated by other authors for micro-perforated room acoustic
applications remain in a region of 1...2 percent [see e.g. 15].
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Additionally to the tests on the geometry and porosity of the
perforations, the directionality in respect to the direction of
the sound propagation and fluid flow was varied in the case
of slit shaped apertures.

In order to provide comparison data of highly reflective and
absorptive silencer configurations an empty measurement box
(perforation ratio 100%) and a traditionally perforated
absorptive pipe element (35% perforation ratio, 3mm circular
aperture diameter and 20mm thick fibrous material wrapped
around the element) were tested. After the determination of
comparison data, the perforated samples described in Table 1
were tested.

The challenge of the study was to find an aperture shape
which provides the highest AC spectrum across the frequency
range of interest (below 1,8kHz). The next step was to
investigate the effect of perforation ratio (porosity) to the
characteristics of the AC and the RC spectrums.

In order to simulate the estimated realistic conditions the
element was designed for, the tests were additionally
performed in 30m/s mean flow velocity conditions. In [10] it
was found that the flow noticeably reduces the RC when
passing through the straight-flow type of silencer. Hereby, a
sample with relatively high RC value was found to be
suitable for testing the flow effects. In case of a tubular
perforated in duct element the perforated pores are expected
to work in grazing flow conditions. Naturally, the grazing
flow will produce vortex shedding around the perforated
surface resulting in higher acoustic impedance, which in turn
will believably cause a higher AC.

In addition to the acoustical performance of the in-duct
silencer elements there is another important measure to be
considered: the pressure drop (PD). In this study the PD was
determined for all the perforated samples treated.

Based on the experimental results a suitable MPP
configuration was developed for implementation in a small
engine straight-flow silencer prototype.

In the present paper the novel prototype silencer equipped by
the MP element developed is compared with the previous
silencer (incorporating traditional 3mm perforations and
fibrous materials) by considering the weight and TL in
realistic  flow velocity conditions. The acoustical
characteristics of the previous silencer, successfully used
during the last season, are provided by the authors in [10] in
the S-matrix form.

Characteristic technical data of the silencers studied is
presented in Table 2.

Table 2. A technical description of the micro-perforated
prototype silencer and the conventionally perforated and
fibrous material filled silencer.

Conventional
Name Prototype Silencer
PRCACIN 2138
- =1836 ‘: @42
I} ]
- -
. . < e
Simplified - -
Sketch 3 v =
b -
| -
Q -
A

Photo
Avert = ﬁ @3.0
perture
Sketch ‘[
Porosity 10% 35%
Mass 1.43kg 1.81kg
RESULTS AND DISCUSSION

In Fig. 5 results of the preliminary experiments is presented.
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Figure 5. The absorption coefficient of the empty test box
(black solid) and the conventional perforation
surrounded by fibrous material (orange dashed).

In case of an empty measurement box a very resonant
behavior can be noticed (see Fig. 5). Considering standing
wave resonances inside the cavity this is natural. By adding a
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conventionally perforated (3mm aperture diameter) element
covered by 20mm thick fibrous material, a remarkable
increase in AC over a wide frequency range was introduced.
However, a majority of the characteristic resonance peaks
that dominated the spectrum of empty box are still preserved.

The results of the perforated samples with different aperture
geometries are compared with the conventional perforation
together with fibrous material filling in the Fig. 6. For clarity
the AC curve of the empty measurement box is excluded (See
Fig. 5).
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Figure 6. The absorption coefficient of sample 1 (red
dashed), sample 2 (green solid), sample 3 (blue dotted)
and conventional setup with wool (orange dashed).

As can be seen in the Fig. 6 the AC curves of the perforation
samples 1 and 2 (See Tab. 1) appeared to be similar. The AC
of sample 3 is noticeable higher in a wide frequency range
exhibiting a generation of wideband losses originating from
the micro-perforation. One can note that the samples 1 and 2
are both perforated to relatively similar PA Ratio compared
to the sample 3 (See Tab. 1). This result enables to conclude
that for an in-duct MP element the ability to absorb sound
depends on the PA Ratio and a broad band attenuation
improves by increasing the PA Ratio.

In the following Fig.-s 7 and 8 the AC and the RC of the
samples with different porosities and aperture orientations are
compared together with the comparison curves from Fig. 6.

The effect of smaller porosity value causes an upward shift of
the AC curve can be observed in Fig. 7 in case of the samples
3 and 4. In Fig. 8 the opposite trend can be observed for the
RC indicating higher reflections of sound with higher
porosity. Practically this shows that the micro-perforated
element with higher porosity is appropriate in reflective
conditions (e.g. in reactive chamber type silencers) and vice
versa.
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Figure 7. The absorption coefficient of sample 3 (blue
dotted), sample 4 (light blue dash-dotted) and, sample 5
(gray solid) compared to the conventional setup with
fibrous material (orange dashed).
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Figure 8. The reflection coefficient of sample 3 (blue
dotted), sample 4 (light blue dash-dotted), sample 5 (gray
solid) and the conventional setup with fibrous material
(orange dashed).

The orientation of the aperture shape respectively to the
propagation of sound waves affects the RC curve as can be
seen in Fig. 8 in case of samples 4 and 5. However, despite of
slightly favoring the longitudinally perforated element
(Sample 4), the discrepancy between the results is relatively
little. One should also mention that while the values of the
RC remained relatively similar, the laterally perforated
element (Sample 5) offers more AC (see Fig. 7) making this
orientation a preferable solution for a flow duct.

Fig. 9 presents the results of the PD measurements. The most
absorptive samples with different porosity and aperture
orientations are compared.
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Figure 9. The pressure drop of the Sample 3 (blue
dotted), the Sample 4 (light blue dash-dotted) and the
Sample 5 (gray solid) measured in 25°... 28°C
temperature range.

Although the PD difference for the relatively short tubular
samples appears to be almost negligible one can notice that
the higher perforation ratio expectedly tends to cause an
increase in PD. At higher flow velocities the longitudinally
oriented perforation also tends to increase flow resistance
causing a minor PD growth.

For sample 4 the effect of flow velocity on the AC and RC is
presented in Fig-s. 10 and 11.
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Figure 10. The absorption coefficient of the sample 4 in
the absence of flow (light blue dash-dotted) and in 30m/s
(dark blue solid) mean flow conditions.

As can be seen both the AC (Fig. 10) and RC (Fig. 11) are
remarkably influenced by the flow velocity. While a
broadband increase of the AC can clearly be observed in
higher flow velocity conditions a broadband decrease was
measured for the RC spectrum. This behavior can be
explained by the appearance of higher acoustic impedance
originating from the vortices generated by the grazing flow
around the perforated surface.
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Figure 11. The reflection coefficient of the sample 4,
measured in the absence of flow (light blue dash-dotted)
and in 30m/s mean flow conditions (dark blue solid).

In practice, when implementing a MP element with high
porosity in a relatively reflective setup, this result means that
higher RC can be achieved by reducing the flow speeds
around the perforation. This can for instance be technically
solved by designing larger flow duct diameters.

The TL of the new prototype silencer is compared to the
conventional silencer (see Table 2) in Figures 12 and 13. In
order to study the effect of mean flow the results are
presented in no flow (Fig. 12) and in 20m/s flow velocity
conditions (Fig 13).
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Figure 12. The transmission loss of the Prototype
silencer (gray solid) and conventional straight-flow
silencer (orange dashed) measured in the absence of

flow.

In Fig-s. 12 and 13 the TL advantage of the MP element
based prototype muffler can clearly be seen almost across the
whole frequency range. By assuming the dominant noise
generation at the first harmonics of the firing frequencies
(typically occurring below 500Hz) the most important gain in
TL (up to around 18dB at 650Hz), regarding noise control,
takes place in the low frequency region. As can be noticed the
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silencers expectedly represent clearly different silencing
characteristics. The TL spectrum of the MP silencer is more
resonant offering more reactive type of noise cancellation
while the conventional configuration follows the expected
character of an absorptive silencer. The results demonstrate
that by choosing an appropriate configuration of a MP
element perforation ratio and geometry, an efficient silencer
can be designed that combines the sound absorption in
perforated pores with the reactive effect of the chambers.

Based on the conclusions in a previous study [10] where the
chamber wall vibrations where found to affect the acoustical
performance of muffler, especially at the dominant high
frequency resonances, the scattering around the TL peaks of
the MP silencer, is believed to originate from the shell
vibrations.
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Figure 13. The transmission loss of the prototype
silencer (gray solid) and conventional straight-flow
silencer (orange dashed) in 20m/s mean flow conditions.

In case of the mean flow (see Fig. 13) the general trend
discussed remains. Moreover, at very low frequencies (at
around 250Hz) the MP prototype silencer introduces an extra
attenuation when exposed to the mean flow conditions. The
reason for this increase in low frequency attenuation can be
explained by the vortex shedding around the apertures of the
perforated element surface faced to a grazing flow as
discussed earlier.

It should also be mentioned that, as opposed to the
conventional perforation design, no whistling (characteristic
tonal noise) was generated when testing the developed MP
element in flow.

CONCLUSIONS

A number of different perforations have been studied in this
paper for the application in flow duct silencers. The
experimentally determined acoustical results have been
presented and analyzed as the absorption and reflection
coefficient spectrums.

It was found that for the micro-perforated panels the ability to
absorb acoustical energy could be improved by providing
higher aperture perimeter to area ratio.

The results exhibit that micro-perforated elements with
higher porosity would be favorable for applications in
reactive silencer chambers.

The higher mean flow velocity was found to increase the low
frequency absorption and decrease the reflection properties of
the micro-perforated element.

As the primary result of this study an effective micro-
perforated element has been developed and successfully
implemented in a Formula SAE prototype silencer.

It has been demonstrated that an appropriately designed
micro-perforated element can effectively substitute the
conventional straight flow silencer filled by fibrous materials.
Moreover, the absence of fibrous materials in combination
with high attenuation abilities allow the micro-perforated
silencers to provide a clear mass advantage (See Tab. 2).
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