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ABSTRACT

Moving towards global zero-emissions in transport and
energy supply industries would enable to achieve a quieter,
cleaner and healthier urban environment, more resilient to
climate-change. The World Health Organisation has
classified traffic noise as the second most important cause
of ill health in Western Europe, behind only air pollution
caused by very fine particulate matter. A leverage effect
would be to enhance the agglomeration of the released
ultrafine and fine particles into larger particles easily filtered
out by classic clean air solutions. However, a major, still
unsolved, challenge is to do it without requiring intense
sound fields or high-drag flow mixing devices prone to
increase flow-particle or particle-particle relative motion.
Acoustic rainbow trapping filters (RTFs) have been shown
to provide solutions for wideband low-frequency sound
dissipation. In this work, we aim at exploiting the effective
slow sound — small wavelength properties of acoustic
metamaterials traversed by a low-speed flow to provoke
mixing and nucleation of the convected ultrafine particles.
We will explore conditions on the physical parameters of
the RTFs and the seeded particles to produce simultaneous
sound dissipation and particle agglomeration. The results
open up multi-functional objectives to achieve simultaneous
aerosol agglomeration, sound attenuation and low drag
performance.
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1. INTRODUCTION

Seven million persons in the world are estimated of being
killed by air pollution every year [1]. The release of
airborne particulate matters (PM) implies a range of adverse
health effects. In particular, the growing concentration of
fine particles of diameter lower than 2.5 pm per cubic meter
in average per year [2] has a significant economic impact on
public health system, and additional efforts have to be made
to deeper cuts in emission.

Indoor concentration of particles originating inside or
outside buildings relies on particle removal by ventilation
filtering systems, that depends strongly on the particle sizes.
There is a critical gap in the intermediate size range (0.2-1
um) where classical filters present a pronounced dip for
efficiency [3]. Agglomeration can force the smallest
particles to aggregate and the filter can then efficiently
capture the largest size components. Numerous applications
have been tackled wusing preconditioning of PM
agglomeration by generating ultrasonic standing wave
fields. They have shown good performance but need very
high levels of acoustic intensity to be efficient [4].
Electrostatic particle agglomerators [5] have also shown a
great efficiency, but they also require significant electrical
energy consumption to be performant.

In this work we propose a new approach based on the
properties of acoustic metamaterials. In particular, we will
make use of the “slow sound” generation when acoustic
waves propagate in a ducted flow surrounded by a
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metamuffler [6-9]. If the effective velocity of the incoming
sound wave is progressively reduced to zero, sound waves
can be eventually trapped in the meta-structure and the
particles suspended in the fluid will oscillate and gradually
should agglomerate and increase their sizes. The acoustic
performance of the metasilencer is presented in Sec. 2,
followed by fundamentals of particle agglomeration in Sec.
3. The simulated results will be analysed in Sec. 4 and we
will finish with conclusions and some lines for future work
in the last section.

2. ACOUSTICAL MODELLING

2.1 Rainbow trapping filters

Rainbow trapping filters (RTF) are composed of a set of
outer cavities with increasing depths that are distributed
between the inlet at x = —L towards the outlet at x=0, as
illustrated in Figure 1. One assumes that such acoustic
metamuftlers are axisymmetric cylindrical of radius R and
length L . Progressive increase of the cavity depths ensures
impedance matching and low reflection. It also provides
axial variation of the wall impedance, resulting in slow
sound and trapping of the incident wave.
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Figure 1. Sketch of a rib-designed rainbow trapping
filter traversed by a low-speed flow of grazing Mach
number M with an acoustic incident wave travelling
along the flow.

A suitable choice of the cavity widths, that can be obtained
from optimization of the total dissipation, enables to
monitors the amount of visco-thermal losses required to
fully dissipate the incident energy trapped within the RTFs.
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An RTF with high acoustic performance is characterized by
high broadband dissipation, minute reflection and
transmission. These properties should be robust when
traversed by a low-speed flow. Moreover, the excess
friction factor should also be limited, but this aecrodynamic
constraint will not be considered in the current study. An
uncommon design, but with high societal and health impact,
is to develop acoustic RTFs that provoke the agglomeration
of fine particles into coarser ones that can be readily filtered
out by low pressure drop standard filters. The conditions
required for these two functionalities will be simulated from
transfer matrix modelling for the acoustic part, and from
one-dimensional particle transport under drag viscous force
for the agglomeration process.

2.2 Transfer matrix modelling
2.2.1 No-flow case

The Transfer Matrix Method (TMM) has been used for the
analysis of the widely-opened muffler considering that this
device is composed of a set of ring sections separated by air
cavities and distributed over an overall length L along the
axial dimension. The radii of the air cavities in the fully-
opened silencer progressively increase from 0 to R
following an expanding power law from the inlet situated at
x =—L towards the outlet at X =0. Assuming plane wave
propagation, the local side-branch volume admittance at

Y::av,i = Scavy(xi )/ZO > With y(xl) glVen
by Eq. (4) in [6], S.,, =27Rd the cavities entrance area

X =X, is given by

and d their width. Applying continuity of the acoustic
pressure and acoustic flow rate across the i cavity-ring unit

leads to the relationship, [p; u,]" = T,[p,,; u;,,]" , between
the pressure and volume velocity fields at the input interface
[p; u;]" and those at the output interface [p,,, u;,,] , with
T the associated transfer matrix given by

cos(kod ) j%sin(kod)
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The overall transfer matrix T between the inlet and the - 1
outlet satisfies [p, u;]" =T [py,, uy.,]" and is expressed e 2MY 2
cav,i= 0
as the product of the transfer matrices, ~ ~ “4)
N 1+MY z' MYz |
T‘ll ]-'12 . cav,i= 0 cav,i= 0
T= ];[Ti = T, T, . The expressions for the f’;,v,,- 1+ Mf,;mz:
reflection and transmission coefficients are given by so that T, in Eq. (1) is replaced by T, =T,T, T, ;.
_ (T +20T30) = (T + 20T52) ﬁav,i accounts for the effects of grazing flow on the ith
(7, vleole)+ (T +20T5,) ' ©) cavity input impedance. It can be expressed as [12]
+r
Ty +2T, N - I_MCH(/‘CS) ’
Y?! _Qﬁﬁ 1+ﬂ M ®)
with z, = S/Z0 and S=7R’. The Johnson- S 4R | ks

Champoux-Allard-Lafarge model of visco-thermal losses
inside the cavities has been used. The power dissipated in terms of H(x): Jo (x)(JO (x)— jiJ| (x))‘l, k. = o/U,

by the ABH then reads 77=1- |r|2 —|t|2 =a-7t with o being the convective wavenumber and M, =U_ /¢, the

the absorption coefficient and 7 the transmission convective ~Mach number with U_=0.23U,

c;;ff(‘;g;it._l"l(")l;zgzazr;;l'mssmn loss (TL) is defined as R, =\/dr_(xiW and s=d/2. The Bessel function

terms in H account for the effect of vorticity shed from

2.2.2 Low-speed flow effects the cavity upstream edge. Note that Eq. (5) has been

derived from linearized perturbation theory [12]
The transfer matrix given by Eq. (1) for each cavity cell is assuming a low Mach number flow (M <0.3) and a
extended to account for the convective and dissipative negligible mean shear across the cavity slit, thereby
effects of the mean flow on the cell duct sections as well as ruling out any shear layer instability effects.

for the grazing flow effect on the input impedance of the

side-branch cavity [10]. It leads to the transfer matrix [11]
3. PARTICLE AGGLOMERATION MODELLING

~ i COS(]:L) jésin(/;L) We consider a one-dimensional flow of mean velocity
T, =™ g ~ S % , (3) V, along which propagates an acoustic wave that
JZ_Sln(kL) COS(kL) produces fluid oscillations given by V, sin(k x—at ), so

! that the total flow velocity reads

for a section of length L traversed by a flow at Mach )
number M =U/¢, with U the mean flow velocity. The vi(xt)=V, ~V,sin(kx-at), (6)
duct wavenumber reads k = (k(; - jFM/ 4R)/ (1 -M 2) with k =@/ c_ the acoustic wavenumber and c_ the
in which &, accounts for visco-thermal losses in the duct axial phase speed of the acoustic wave. Assuming that
and FM /4R for the dispersion induced by the turbulent the particle density p, is much greater than the fluid

flow, F =0.0072+0.612Re *** (Re < 4.10° ) being the . .
Froude’s friction factor and Re = 2URp, /n the ducted are ignored and only the viscous drag force F, holds.

density p,, the effects of inertial and added-mass forces

flow Reynolds number. Eq. (3) generalizes the two first The equation for particle velocity v, then reads [13]
transfer matrices related in Eq. (1) to sections of length dv,
L=d and d, respectively. Coupling between the dt =y :E("f _Vp)’ ()

ducted flow and the ith sidebranch cavity is described by
the transfer matrix [11]
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: p,®D; . .
with St =# the Stokes number. D, is the particle
Ui

diameter. This equation is valid considering a small Stokes
number, St << 1, meaning that the particles diameter should

be small. The condition is achieved for fine (D, <2.5um )

and ultrafine (D, <0.1pum) particles. It is also required

that the
2R, p,

particle Reynolds

vf B vp

n
written in the form dv,/dt=(1/t,)lv, -v,) with

number, Re, = <2. Eq. (7) can then be

D2
—'01’8 ~the particle response time. We can also make

n
the formulation in a moving frame of reference with the
phase speed of the acoustic wave ¢, and in dimensionless
form in the position and time by setting X =kx, and
7 =wt [13, 14]. One gets
2
d )Z(+L£+&sin(X)= > ®)
dr® Stdr St St
with U, =V /c, and U, =V, /c,  the dimensionless
acoustic and flow velocities. A change of variables can be
done such as 7'=7,/U_/St, leading to the following

equation,

t —

0 =

U, -1

>

d’Xx

9
oz ©)

with a¢=1/,/U_St and ﬂz(Uﬂ—l)/Uﬂ. These two

parameters control particle agglomeration. The second-
order differential equation, Eq. (9), governing the transport
of particles under a viscous drag force is solved by a finite-
difference Runge-Kutta single-step scheme [15].

+a£+sin()():,8,
dz’

4. SIMULATION RESULTS

4.1 Acoustic performance

The acoustical performance of a RTF whose total
dissipation has been optimized in plane wave regime [6] are
now determined from the transfer matrix formulation
presented in Sec. 2.2. It corresponds to a cylindrical rib-
designed silencer of radius R=0.047mand length
L =0.15m, comprising a set of N =20 annular cavities
of axial width d =0.0035m separated by ring walls of

thickness d, =0.004m, leading to a wall porosity
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o=d/ (d + d[)z 47 % . The optimal rate of increase of

the cavity depths is found to be m =1.8 . Figure 2 presents
the simulated results for the dissipation, reflection and
transmission loss power spectra up to the duct cut-on
frequency 2142 Hz.
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Figure 2. Dissipation (a), reflection (b) and
transmission (c) coefficients of a rainbow trapping
silencer in the no-flow case (plain) and when
traversed by a low-speed grazing flow (dashed) with
bulk velocity 20 m.s™.

Such optimized RTF silencer achieves near-unit
dissipation as from 1500 Hz up to the duct cut-on
frequency, as seen from Fig. 2(a). The optimization
process led to cavity widths with a sufficient amount of
visco-thermal losses so that the activated RTF cavity
resonances are able to merge and fully dissipate the
incident energy over this broad bandwidth. It is
accompanied by near-zero reflection that stays below
0.1% over this efficiency range [Fig. 2(b)]. This is
caused by the progressive increase of the cavity depths
that ensures excellent impedance matching above 1500
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Hz. The high dissipative performance result in a minute
transmission coefficient above 1500 Hz [Fig. 2(c)].
Figure 3 shows that it translates into high TL values that
stays above 27 dB as from 1500 Hz and with a
maximum value of 32dB at 1700 Hz. The simulation
performance of RTF silencers by the transfer matrix
method has been validated against finite element
simulations and impedance tube measurements in the no-
flow case [6] and against wind-tunnel measurements
when traversed by a low-speed flow [10]. The influence
of a grazing flow on the acoustical performance of the
optimized RTF silencer is also assessed in Figs. 2 and 3
assuming a low-speed bulk velocity of 20 m.s! (related
to a Mach number of 0.06).
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Figure 3. Transmission loss (dB) spectra of a
rainbow trapping silencer in the no-flow case (plain)
and when traversed by a low-speed grazing flow
(dashed) with bulk velocity 20 m.s\.

As seen in Fig. 1, downstream propagation conditions
(DPC) hold in which both the incident wave and the flow
travel along the same direction from the inlet to the
outlet of the silencer. Such low speed flows produce
small effects on the acoustical performance, as seen in
Fig. 2. From Fig. 2(a), one observes a moderate upshift
(by 40 Hz) of the dissipation spectrum with the near-unit
values above 1500 Hz hardly affected by the low-speed
flow. The flow influence is mostly noticeable in Fig. 3
with a similar upshift by 40 Hz of the TL bump, but with
a decrease by 5 dB of the maximum TL value. This is
caused by a decrease of the wall-cavity reactance
induced by the flow under DPC as the flow speed
increases. A second flow effect is the increase of the
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wall-cavity resistance under DPC with the flow Mach
number. Therefore, the cavity resonances activated over
the RTF efficiency bandwidth become slightly over-
damped due to the flow effect. This limits the ability of
the sound wave to enter the wall cavities and results in a
higher transmission and a lower TL. Note that the TL is
very sensitive to small amounts of excess damping.
Figure 2(b) shows that the impedance matching and
reflection properties are weakly modified by the flow.

Of interest is to examine the axial variation of the
acoustic velocity within the RTF at different frequencies
in plane wave regime: out of the RTF efficiency range
(600 Hz), at the onset (1400 Hz) and within (1800 Hz)
the RTF high performance bandwidth. The results
simulated by the transfer matrix model are illustrated in
Fig. 4 with and without flow.

N @O A O O N

Acoustic velocity (m s'l)

-
T
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0.05 0.1
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Figure 4. Axial variation of the acoustic velocity
within a rainbow trapping filter at 600 Hz (light
grey), 1400 Hz (grey) and 1800 Hz (black) in the no-
flow case (plain) and when traversed by a low-speed
grazing flow (dashed) with bulk velocity 20 m.s".

At 600 Hz, the acoustic velocity weakly varies around
0.2 ms' (132 dB) along the RTF which is rather
inefficient at this frequency. At 1400 Hz, the deepest
cavity is about to be activated. Therefore, Fig. 4 shows a
slight bump of acoustic velocity around 0.6 m.s" towards
the RTF outlet. At 1800 Hz, the twelfth acoustic cavity
(numbered from one to twenty from the inlet to the
outlet) is resonant. It results in a significant peak of
acoustic velocity at its axial position with a steep (resp.
smooth) decay towards the downstream (resp. upstream)
cavities. The local rate of increase of the downstream
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cavities is smaller than that of the upstream cavities,
resulting in a greater density of the downstream
resonances (with respect to the upstream resonances).
The downstream cavities above order 12 are thus
partially activated and also contribute to the dissipation
of incident energy. This explains the steep decay of
acoustic velocity above these cavities. Converting the
acoustic velocity into sound pressure levels (SPLs)
requires knowledge of the sound speed which, as seen in
Sec. 4.2, varies within the RTF due to slow sound
effects. The axial variations of the acoustic velocity in
Fig. 4 are not drastically modified by the presence of a
low-speed flow. The reactance decrease induced by the
flow excites cavities with slightly higher resonance
frequencies, e.g. the shallower cavities. This results in
higher acoustic velocity for the upstream cavities.

4.2 Slow sound effective properties

Calculations of the axial phase speed c, (a)) are achieved

from analytical expression of the axial wavenumber & (a))

that appears in the linearized momentum conservation
equation [6] that governs the propagation of a plane wave
within a RTF with gradual axial variation of the wall
impedance along the axial direction. It reads

dp .
+k’p=0, 10
& N (10)

with
12
» y(x)

ko =—=k|1-j=2]| 11
= [ ]kOR} (11

and y(x),deﬁned in Sec. 2.2.1, the specific wall admittance
associated to cylindrical cavities of axially increasing depth
r(x): R(l —(— x)m /L”’), m>0.

Axial variations of the phase speed for the sound wave
travelling through the RTF is shown in Fig. 5 for various
frequencies out, at the onset and within the silencer
efficiency range, e.g. at 600 Hz, 1400 Hz and 1800 Hz,
respectively. As expected, whatever the frequencies, the
axial phase speeds at the inlet of the RTF are equal to the

sound speed ¢, of a plane wave travelling in a rigid duct.
Within the RTF, the sound wave becomes dispersive and
slow sound effects occur. At 600 Hz, ¢, (a)) steadily decays
down to 153 m.s™ at the RTF outlet, which is ¢,/2. At

1400 Hz, the phase speed further decreases and reaches 61
m.s’, eg ¢,/5.6 at the location of the deepest activated
cavity towards the RTF outlet. At 1800 Hz, slow sound
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effects are even more pronounced with a decay of the phase
speed down to 20.5 m.s™!, e.g. ¢o/16.7, as from 0.09 m,
the location of the twelfth activated cavity, until the RTF
outlet. A low-speed flow of 20 m.s™! under DPC, simulated
by Eq. (5), has a minute effect on the slow sound curves
tends to slightly decrease, with only a small uniform
decrease of the axial phase speed, whatever the frequency.
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0.15

Figure 5. Slow sound effect of an acoustic wave
propagating within a rainbow trapping filter at 600
Hz (light grey), 1400 Hz (grey) and 1800 Hz (black)
in the no-flow case (plain) and when traversed by a
low-speed grazing flow (dashed) with bulk velocity
20 m.s™.

4.3 Particle axial agglomeration

One considers fine particles of diameter 2pm and density
600 kg.m?, convected at a mean-flow speed V, =20 m.s’!
through the acoustically-optimized RTF silencer mounted
on a duct. The particles also undergo an oscillatory motion
of amplitude V. and phase speed c, (a)o) due to the slow
sound propagation of the acoustic wave at frequency f,
within the silencer. One assumes monodisperse spherical
particles only experiencing viscous drag force induced by
the air flow. This is valid for a small Stokes number,
defined in Sec. 3, which does not exceed 0.1 at the duct cut-
on frequency.

At the initial time, six particles are uniformly distributed
over an axial distance of 0.015 m, separated by 3 mm,
undergoing the same initial velocity V,. Eq. (9) is solved

using a finite-difference scheme [15]. A condition initially
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derived by Sazhin et al [13] for droplet grouping in
oscillating flow field, later extended by Zhang et al. [14] for
acoustic agglomeration in periodic metamaterials, requires
that |ﬂ|$1, eg. |Va —cX|SVM for the slow sound to
provoke particle agglomeration in an acoustic field with
particle velocity V. convected by mean flow velocity V/, .
At 600 Hz, out of the RTF efficiency range, Fig. 6 shows
that the trajectories of the particles stay parallel over the
length of the silencer, clearly ruling out the occurrence of
droplet grouping. Indeed, Fig. 4 showed that V. stays
around 0.2 m.s” at 600 Hz and Fig. 5 indicates that the
smallest phase speed is 153 m.s™! at the RTF outlet. This
leads to an agglomeration coefficient [ that largely
exceeds one, and prevent any grouping of the particles.

0.15

Position (m)
o

o
(=)
a

Time (ms)

Figure 6. Trajectories of 6 fine particles convected
by a low-speed grazing flow with bulk velocity 20
m.s within a rainbow trapping filter at 600 Hz,
assuming an acoustic phase speed of 153 m.s™ and an
acoustic velocity of 0.5 m.s™!.

At 1800 Hz, within the RTF efficiency range, Fig. 7 shows
grouping of the six particles into two coarser particles of
6um diameter, over an axial distance at least 0.09 m apart

from the inlet. In this region, at 0.11 m, V reaches 2 m.s™!

(see Fig. 4) and slow sound effects are prominent with ¢ =
20.5 ms' (see Fig. 5), resulting in an agglomeration
coefficient £ =0.275 lower than one, that complies with
the grouping condition of particles. Figure 8 shows that, if
the acoustic velocity is decreased to 0.5 m.s’, the

agglomeration process is still ongoing, but requires a greater
duration, and so a longer RTF to ensure slow sound.

0.15
’g 0.1
=
.8
3
A~ 0.05¢

0 : : : ‘
0 1 2 3 4 5
Time (ms)

Figure 7. Trajectories of 6 fine particles convected
by a low-speed grazing flow with bulk velocity 20
m.s” within a rainbow trapping filter at 1800 Hz,
assuming an acoustic phase speed of 20.5 m.s! and
an acoustic velocity of 2 m.s™.
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Figure 8. Trajectories of 6 fine particles convected
by a low-speed grazing flow with bulk velocity 20
m.s” within a rainbow trapping filter at 1800 Hz,
assuming an acoustic phase speed of 20.5 m.s"! and
an acoustic velocity of 0.5 m.s™.
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5. CONCLUSIONS

Conditions under which RTF silencers can achieve
multifunctional objectives, namely to fully dissipate the
incident sound energy and to agglomerate fine particles into
coarser ones, has been discussed in presence of a low-speed
flow. Simulations have been carried out based on transfer
matrix modelling of the RTF acoustical properties and axial
particle transport under viscous drag. It was found that two
conditions have to be met to fulfill these objectives. Slow-
sound is a pre-requisite to achieve near-unit dissipation over
a broad bandwidth, but also for the axial phase speed to get
closer from the bulk flow velocity. Moreover, the acoustic
velocity within the RTF should be sufficiently high for the
agglomeration coefficient to be lower than one and particle
grouping to occur at specific axial positions within the RTF.
A trade-off should be delineated how to achieve both high
attenuation, that creates low acoustic particle velocity, and
particle grouping, that requires high particle velocity. This
is the object of on-going study as well as the experimental
validation of the acoustically-driven particle grouping
properties within RTF silencers.
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