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ABSTRACT

Theoretical, numerical and experimental studies are
presented that investigate the wideband absorption
properties of unbacked and rigidly-backed micro-
capillary plates (MCPs) under normal plane wave
incidence. MCPs are characterized by a perforation ratio
greater than 50 % and channels diameters between 4pm
and 50pm, thus leading to a thin porous absorber with a
regular distribution of at most one million of micro-
channels per cm?. They are fabricated by micro-chemical
etching process. Unlike micro-perforated panels, the
MCPs have a high perforation ratio that ensures minute
reactance, thereby reducing their transfer impedance to a
pure resistance over a broad frequency range. Moreover,
their micrometric channels diameter allows tailoring their
resistance to achieve constant target absorption over a
wide frequency band. This property has been validated
through finite-element simulations that also confirmed
isothermal conditions in capillary channels. An optimal
value of the micro-channels diameter can be derived that
achieves maximal viscous dissipation of the acoustical
energy under plane wave anechoic load. Kundt tube
experiments confirmed the ability of optimized MCPs to
achieve wideband flat absorption performance that
exceeds 0.85 up to a Helmholtz number of 0.3. They also
showed the potential of non-optimal acoustically-
transparent MCPs to achieve a low-frequency anechoic
termination.

1. INTRODUCTION

The attenuation of the acoustic pressure field is still a
challenging task when addressing the control of low
frequency components. Passive methods can provide
significant noise reduction, but also additional weight and
size to the control device.

Micro-Perforated Panels (MPP) are alternative
solutions for situations when porous components are
excluded due, for instance, to the presence of a mean
flow. Typical MPPs are composed of a panel with sub-
millimetric holes backed by a cavity. The physical
parameters defining the acoustic properties of the screen
are the thickness, the size of the perforation and the
perforation ratio or porosity [1,2]. The backing cavity
depth has to be chosen to build the Helmholtz-type
resonance. Although many works have been restricted to
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the study of infinite layer considering only the absorption
performance of these materials, a more complete
description has been developed in recent years
considering the finite dimensions of the partitions, their
vibrating response [3] and their transmission properties
[4]. To avoid limitations concerning the size of the whole
device, multi-layered MPPAs, combining several parallel
MPPs and cavities, filled also with porous material, have
been considered [5]. Their wideband absorption
performance is then due to cross-coupling mechanisms
between the partition resonators.

Of interest is to downshift the first Helmholtz-type
resonance without increasing the cavity depth. This can
be achieved by partitioning the cavity in individual cells
centered on the axis of the apertures and by increasing the
acoustic path length in the cell cavities, for instance by
inserting a rectangular coil in the cross-sectional plane of
the cavities [6]. Such device has an overall height equal
to that of a rigidly-backed MPP. Given the cavity width
and depth, a target acoustic path length can be determined
by a suitable choice of the inner walls thickness, of their
separation distance and of the number of folding turns in
the coiled resonators in order to achieve low-frequency
absorption, albeit narrow-band. In all cases, a causality
constraint has been derived [7], that reveals a trade-off
between the relative absorption bandwidth and the
absorbent overall thickness.

In practice, most of the studies concerning rigidly-
backed MPPs consider perforations with characteristic
diameters usually greater than 0.2 mm and with low
perforation ratio, that provide half-absorption bandwidth
lower than two octaves at the Helmholtz resonance. To
broaden the bandwidth beyond two octaves, the apertures
should be diminished down to the range 100 — 200 pm,
increasing the manufacturing cost procedure.

The goal of the present work is to investigate the
acoustical properties of micro-capillary plates (MCP) in
slip-flow regime characterized by holes diameters
between 0.6 um and 50 pm and a large perforation ratio,
typically between 50 and 65%. The advantage of MCPs is
to provide ad-hoc acoustic resistance and very low
acoustic reactance over a broad frequency range, which is
a key difference with respect to MPPs whose perforation
ratio hardly exceed 10-15% and with holes diameter
greater than 200 um. In order to produce such small-sized
holes, the photolithographic process, well-suited to
produce MEMS (Micro-Electro Mechanical Sensors), has
been used in bio-microfluidics to fabricate freestanding
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micro-perforated membranes made of solid polymer with
holes diameter down to 10 um [8]. This technology has
been applied to fabricate silicon MPPs with minute holes
diameters down to 27 pm and a perforation ratio up to
19%, thereby providing a bandwidth between 3 — 4
octaves with maximum absorption exceeding 0.85 [9].

In 1989, Dalmont et al. [10] studied the input
impedance of a coupling cavity backed by a MCP with
channel radius 12.5 pm in order to achieve a low-
frequency anechoic termination of calibrated resistance
for closed sound ducts in the no-flow case. Its suitable
resistance value was obtained after minimizing the
reflection coefficient of the coupling adapter assuming
normal incidence and anechoic radiation load. A
continuum model [11] was used for the MCP channels,
although a slip-flow model would a priori be better
suited for such small channels radius.

In the current study, one proposes a description of the
MCP transfer impedance in slip-flow regime that goes
beyond the continuum approach, e.g. down to channels
radius of 0.6 um. Moreover, an optimisation strategy is
proposed based on minimising the acoustic power
dissipated by the MCP. It is examined through modeling
and experiments the acoustical performance of MCPs
with near-optimal and non-optimal under a normal
incidence plane wave.

Section 2 describes the physical characteristics of
different MCPs and Section 3 presents an analytical
model of the sound field propagation through MCPs in
slip-flow regime. The simulated results are compared in
Section 4 with measurements carried out in a Kundt tube
for different configurations. Once the model has been
verified, an optimisation study is presented in Section 5
for the physical MCP parameters affecting the
performance of the device. Finally, we conclude with a
summary of the main results and ideas for future work.

2. MCP MORPHOLOGY

MCPs are leaded glass plates comprising a large number
of identical parallel channels, up to one million per cm?,
whose diameter d,, ranges from 4 pum to 50 pm and
thickness ¢ from 0.5 mm to 5 mm so that the thickness-
to-channel diameter ratio, #/d, , is typically between 10
and 200.

MCP fabrication requires a glass tube fitted with a
solid acid-etchable core material, repeatedly drawn and
stacked to form an array of multi-fibers with the required
diameter and filling fraction. The assembly is then fused
to form a boule which is sliced to the required bias angle
and thickness. Each slice is immersed in a chemical
solution that dissolves the core fibers, leaving a glass
plate with millions of micro-channels.

A photograph of a disk-shape Glass Capillary Array
(GCA) is presented in Figure 1. Although it cannot be
appreciated in the figure, GCA micro-channels are
distributed in a triangular lattice, so that its perforation

ratio, defined by o = 27zr02 / (ﬁ »? ), reaches 50% given a
pitch (center-to-center channel spacing) b =33.7 um . Its

micro-channels are straight tubes without bias angle and
of constant cross-section so that the tortuosity factor is
equal to one.

Table I shows the main physical parameters defining
the two types of MCPs used in this study. For comparison
purposes, these parameters are also presented for a
classical MPP.

Figure 1. Photography of Glass Capillary Array I with
outer diameter 25 mm.

Plate type Channel Knudsen  Perforation  Thickness Aspect Number of
radius number ratio (%) (nm) ratio channels
(nm) Kn per cm?
MPP 250 13%x107% 0.79 500 1:1 4
MCP
Glass Capillary Array I 12.5 51%x107 50 500 20:1 10°
(GCAI)
MCP
Glass Capillary Array I 5 1.3%1072 68 2250 225:1 87%10°
(GCATI)

Table 1. Geometrical characteristics of MPP, GCA 1, II and III; the aspect ratio is the thickness-to-channel diameter ratio,
t/d, , with d, =2ry, and the number of channels per cm? is 107 0'/ (71'7‘02) with 7; the channels diameter and O the

perforation ratio.

10.48465/f2.2020.0034 2864 e-Forum Acusticum, December 7-11, 2020



3. SLIP-FLOW MODELLING

The well-established continuous laws that have been
used to study the propagation of sound through MPPs do
not hold when addressing the problem with MCPs with
holes diameters typically lower than 10 um. This occurs
when the holes radius 7, approaches, even by several
decades, the molecular mean free path A, the ratio
A/7, defining the Knudsen number Kn [12, 13].

We first analyze in this section sound wave
propagation through MCPs in slip-flow regimes,

corresponding to 10° <Kn<10", or equivalently for
10A <7, <1000A . Slip-flow boundary conditions have

first been derived [14, 15] in the frame of the kinetic
theory of ideal monoatomic gases in contact with
diffusively and specularly reflecting walls under
isothermal condition. Performing a first-order Taylor
expansion of these jumps as series of Kn leads to the
following boundary conditions:

vZ:ﬂKnﬂ :Bvi , (1)
o, on|y on|y
;2700 2y Kn 07| _p ot @)
> o, y+1Pronly Comly’

satisfied by the trace on the channels wall surface X, of
the axial particle velocity vV and temperature disturbance

7 as well as their normal derivative, d/dn , with respect
to the dimensionless coordinate /7, for a cylindrical
channel, n being the unit normal entering the pore. In
Eqns. (1,2), y=1.402
Pr=0.71 is the Prandtl number and o, (resp. o) is the

is the specific heat ratio,

fraction of molecules (resp. of their energy flux) reflected
diffusively by the wall.
Assuming  straight

cylindrical ~ channels  with

longitudinal axis z and harmonic regime (ej“”), we
apply linearized momentum and energy conservation to
solve the momentum boundary-value problem (BVP) and
transposing consequently the solution to the thermal
BVP. The viscous transfer impedance of the channel,
given per unit length is thus given by

A=MM+—2 Ak) 3)

-1
s (
kv”o [JO (kVFO)_kaVFOJl (kv”o )]}

where k&, =+—jwp,/¢ is the viscous diffusion

wavenumber and J, (resp. J;) are the Bessel functions

of the first kind of orders O (resp. 1). The overall transfer
impedance of a MCP in the slip-flow regime can then be

obtained as Z,/o . When Kn < 107, it can be seen from
Eqn. (1) that B, =0. Eqn. (3) reduces to the overall

transfer impedance of a MPP in the continuum regime
without pore end effects [1].
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Analyzing the thermal BVP given by Eqn. (2), it can
be seen that the solution is formally similar to Eqn. (3).
The thermal transfer admittance of a channel, given per
unit length, is given as follows

_Jjo 2 J (k1) }

Yo =——l+(y-1 NG
! VPo { ,kr’”o [Jo(kr’”o)_Brkr”ojl (kr’”o)]

with Po the ambient static pressure,

ke == jap,C, /K =k,JPr the thermal diffusion

wavenumber, C, the specific heat capacity under

constant pressure, & the thermal conductivity
coefficient, Pr= ,uCP / x the Prandtl number, u the air

dynamic viscosity and p, the air density. The effective
or dynamic compressibility, J}.;, of a channel in the

slip-flow regime, is then defined as Y, = jay ¢ -

A common feature of the MCPs acoustical properties
in both continuum and slip-flow regimes is their narrow
channels behavior. It occurs if the channels Shear number
Sh=r,/8, is lower than unity, i.e. if the viscous

boundary layer thickness, ;. =+ 4/ (a)po) , exceeds the

channels radius 7;. This occurs for frequencies up to

Srnax :,11/(27rp0r02), as it is met for GCA I and GCA 1I
up to 7 kHz, the upper frequency range of the
experiments presented in Section 4. As MCPs have
narrow channel behavior, |kvr0|< 1, over a broad
frequency range, we can perform Taylor series expansion
of Eqns. (3) and (4) with respect to the Shear number
Sh = |kvr0| up to order four. This leads to

1 (8 .4
Z, = —+j—= 1-6B, ), 5
v 1_4BV{I’02 +J3ap0t( v)} ( )
jo|. (y-1)C
YT:J_{l_J(}/ ) £ apo”oz (1_437)}5 (6)
Do 8y K

which reduce, when B, = B, =0, to Zwicker and Kosten

low frequency approximation for the transfer impedance
and admittance of narrow channels in continuum regime

[11].

Assuming plane wave normal incidence, the amplitude
reflection and transmission coefficients are defined as
r=(2,-2,)/(z,+27,) and 7=27,/(2Z,+Z,) with
Z,=Z,/0+Z,, the input impedance of the absorber

backed by an anechoic termination, and Z, = p,c,. The

dissipation is then readily calculated as 7= 1—|r|2 —|1|2,

the fraction of incident energy not reflected, nor

. . . 2
transmitted. It is expressed in terms of a:1—|r| (resp.

2 . . o
t=|1| ) the energetic absorption (resp. transmission)

coefficients.
Figure 2 shows the Knudsen number dependency of
o, t and 1 for a 0.5 mm thick micro-perforate with a

high density of holes (0 =50% , b =1.35d) when r, is
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decreased from 635 um down to 10A = 0.64 um while
Kn increases accordingly.

Continuum regime _— Slip flow regime

0.9f
0.8
07t
0.6f
=g
= 05f
3
0.4f
03f
0.2f

0.1r

—m=r

0
107

Figure 2. Knudsen number dependencies of the
absorption (exact, ; approx., ), transmission
(exact, — « —; approx., ) and dissipation (exact,
;  approx, ) coefficients of a MCP
(t=0.5mm, 0=50% ) assuming a slip-flow regime at

500 Hz; the vertical line with circles (-O-O-) corresponds
to GCA L.

It can be seen that the narrow channel approximation
given by Eqn. (5) well approximates the exact expression
given by Eqn. (3) over a broad range of Knudsen
numbers  encompassing the continuum  regime
(Kn<107). Although the continuum approach is not
valid in slip-flow regime, it is found to be predictive of
the MCP acoustical properties as long as Sh<1. For

Kn <107, almost all of the incident energy is transmitted
by the highly porous MPP and is weakly dissipated. As
the holes radius decreases, the transmission leakage
decreases while back-reflection increases, but not at the
same rate, so that part of the incident energy is dissipated
within the MCP. A maximum of dissipation occurs in
slip-flow regime that reaches 77,,,, =0.5 for an optimal

value of the holes radius 7y™ =12.8 um (Kn=0.005).
One observes from Table 1 and Fig. 2 that GCA 1
(Kn=5.1x107) is close to the optimal configuration.

Figures 3(a,b) show very distinct features between the
MPP and the MCPs absorption properties, both in the
unbacked and backed configurations. When unbacked,
the MCPs exhibit flat absorption over the whole
frequency bandwidth, that reaches & =0.72 for GCA I,
whereas the MPP absorption falls above 200 Hz due to
increasing back-reflections. When backed by a 5 cm
depth cavity, the MPP provides narrowband absorption
whose half-bandwith extends over one octave around the

Helmholtz ~ resonance  with o, =0.88 at
fu =629 Hz. GCA I reaches similar maximum value

a

nax = 0.85, but provides a much broader absorption

with a half-bandwidth that spans almost 9 octaves around
fu =1668 Hz. Given the same cavity depth, the
increase of f}; from 629 Hz to 1668 Hz is due to a lower
effective mass per unit area of GCA 1 with respect to the
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MPP. This is appreciated in Fig. 3(d) which shows that,
unlike the MPP, the magnitude of the specific reactance,

|/ Z,| = 4wt/(30¢,) [see Eqn. (5)], is almost zero-
valued for the MCPs over a broad frequency range due to
their high perforation ratio. Hence, from Eqn. (5), the
overall MCP transfer impedance, Z, / o, then reduces to
a pure resistance given by

8tu

~— 7
or?(1-4B,) M

r

that follows an inverse-power law of order 4 with respect
to the channels radius and that does not depend on the
frequency. This is illustrated in Fig. 3(c) in which it can
be seen that GCA I input resistance is about 3.3Z,,
which is close to 3Z,, the optimal input impedance (as

shown in Sect. 5).

; (a)

\

(b)
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Figure 3. (a) Normal incidence absorption coefficients of
unbacked MPP ( ), GCA 1 (exact, ; finite
element, O O), GCA 1I ( ) assuming anechoic load
conditions; (b) Normal incidence absorption coefficients
of rigidly-backed MPP ( ), GCA T ( ), GCA I

( ) with cavity depth D =0.05m; (c¢) Frequency

dependence of the specific transfer resistance, R,/Z, ,

related to MPP ( ), GCA I ( ), GCA II ( )
(d) Frequency dependence of the specific transfer

reactance, J/Z,, related to MPP ( ), GCA 1
( ), GCAII (——).

4. EXPERIMENTAL STUDY

Validity of the model presented in the above section has
been verified by a set of measurements in order to
estimate the absorptive characteristics of the proposed
MCPs described in Table I. A schematic of the physical
set-up is presented in Fig. 4. A small impedance tube
placed vertically has been installed in a semi-anechoic
environment. This tube has dimensions of 80 cm-long
with an inner radius R=15cm that provides a
maximum frequency of analysis slightly less than 6700
Hz assuming plane wave regime. A random field is
generated at one side of the tube for the determination of
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transfer function /1, between the acoustic pressures p;

and p, measured by two 1/4" condenser microphones
located upstream of the sample and separated by a
distance d =5cm, thus providing a lower frequency
limit of 200 Hz for accurate measurements.

4
Micro-capillary
plate (MCP) Pressure-velocity
z “match” probe
Adaptor

4 channels signal 1
conditionner

'
Small Kundt '
tube !
\ L White *
. HOISe i :
generator '
'
4 channels * 1

i

DAC_ W sound card |

Figure 4. Schematic of the whole experimental set-up
with cross-sectional view of the PVC circular adaptor

into which the MCP was set.

Because the MCP has a radius of 1.275 cm that is
smaller than the duct inner radius, it requires a thick PVC
adaptor inserted into the tube and onto which the MCP is
fixed, as shown in Figure 4. The adaptor introduces a
constriction of radius »=1cm and thickness /=1cm.
Applying continuity of the pressures and acoustic flow
rate at z=0, one can estimate the MCP specific input
impedance and its absorption coefficient. During the
experiment, the output signals from the sensors were
acquired using the OROS (type OR38) multi-channel
system over a bandwidth 80 Hz — 6.7 kHz, at a sampling
rate of 12.8 kHz and with a spectral resolution of 1.56
Hz, triggered on the generation of a white noise drive
signal.

Figure 5(a) shows that plugging the thin GCA T disk
onto the open tube termination, via the adaptor,
significantly enhances the absorption coefficient over a
broad bandwidth, as it reaches a constant value of 0.86 up

to kyR = 0.3 and then slowly decreases down to 0.7 up to
koR
fraction of incident energy not reflected by the open
adaptor which is minute below kyR=04 and that
monotonically reaches a value of 0.65 towards
koR=1.84. One also observes in Fig. 5(a) that the

theoretical model, which assumes plane wave anechoic
load, provides a flat absorption spectrum that

=1.84. This is appreciated when compared to the
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underestimates the measured absorption values by 20%
up to kyR=0.3. Although not shown here, it was
observed that the assumed load impedance behind the
MCP has significant importance and should be, if
possible, characterized before optimizing the MCP
properties.

(2)

Absorption coefficient

(®)

Absorption coefficient

kR

Figure 5. (a) Normal incidence absorption coefficients of
unbacked GCA I: measured ((O-O-) and predicted
assuming unflanged ( ), flanged ( ) and plane
wave anechoic (—.-.) radiation conditions, and that of
the open adaptor termination: measured ((1-[J) and
predicted assuming unflanged (e e ee) radiation condition;
(b) Normal incidence absorption coefficient of unbacked
GCA II: measured (<>~<") and predicted assuming plane
wave anechoic radiation condition (continuum regime,
; slip-flow regime, ).

5. OPTIMISATION

Optimization of the MPCs assuming a plane wave
anechoic load is carried out in this section considering an
unbacked MCP. It has been shown in Section 3 that the
MCP input impedance Z,=Z,/o+Z, is well

approximated by R, +Z, over a broad frequency range
(Sh<1) with R, given by Eqn. (7). An optimization
study is now performed to find the optimal value of R,

that maximizes the power dissipated by the MCP. The
dissipation defined in Section 3 reads

77=1—(le2 +4Z§)/(ZR +ZZO)2 . It can be recast as a
second-order equation in R

nR;

tro
-4Z,(1-n)R, (8)

the discriminant of which reads A= 16Z§ (1-27). Eqn.
(8) has real physical solutions if A >0, thatisif 7<1/2.

In other words, the dissipation of a single unbacked MCP
with anechoic load cannot exceed 0.5, which was already

1/2 (A=0),
the unique solution to Eqn. (8) is the optimal transfer

+4nZ; =0,

observed in Fig. 2. In the case 7=7n"" =
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resistance R{™ =2Z,. The optimal channel radius that
achieves maximum dissipation for a given perforation
ratio can thus be obtained. For # =0.5mm and o =50%
(GCA 1), this leads to " =13.2um which is quite close

to the actual value 12.5um for GCA 1. Hence, GCA 1 is
nearly optimal, as anticipated from Fig. 2, Fig. 3(a) and
Fig. 5(a). For t=2.25mm and o =68% linked to GCA
II, this leads to a°® =24um . This is much higher than

the actual value Sum that provides too high resistance
resulting in the low absorption values observed in Fig.
3(a) and Fig. 5(b).

One can deduce from R™ =27, the optimal input
impedance, absorption and transmission of MCPs under

an anechoic load, namely Z™ =3Z,, a® =3/4 and

opt

2
T =1/4 . Higher values of the absorption coefficient

could be obtained for less resistive MCPs , described by
the smallest of the two solutions to Eqn. (8), R, , with

RS = 220(1 EN —277)77‘1 assuming A >0 (7<1/2).
However, as it can be seen from the grey curves in Fig. 6,
this would be at the expense of a lower dissipation and of
a higher transmission. The black curves in Fig. 6
correspond to another class of MCPs with high
resistance, low transmission and which reflect a large part
of the incident wave.

—
w
=

(=)

Specific transfer
resistance
E;:

05-

Absorption
coefficient

L . . I L I . .
0 005 0.1 015 02 025 03 035 04 045 05

(c)

2 0sf

Transmission
coefficient

0 005 0.1 016 02 026 03 03 04 045 05

Figure 6. Dependence of (a) the specific transfer
resistances R:f , (b) the absorption coefficient and (c) the
transmission coefficient to the power 77 dissipated by an

unbacked MCP under an anechoic load.

2868

6. CONCLUSIONS

In this work, a theoretical slip-flow model has been
presented to estimate the efficiency of MCP absorbers to
dissipate the power due to a normal incident plane wave.
The model has been verified by a set of measurements
performed in an impedance tube locaated in a semi-
anechoic environment. The following points can be
summarised from the results obtained:

e Because MCPs have a Knudsen number Kn

usually comprised between 10~ and 107", their
viscous transfer impedance and thermal
admittance have been derived in the frame of the
slip-flow regime. Theoretical modeling and FEM
simulations showed that, in the broad frequency
range over which MCPs exhibit narrow channel
behaviour (Sh <1), the MCPs dissipation
properties are well approximated by the

continuum approach, up to a factor KnSh?.

Although not shown, It was found that the slip-
flow model significantly deviates from the
continuum approach when evaluating the transfer
impedance of MCPs with extremely small
channels radius, e.g. for Kn > 0.03.

e Owing to their micrometric channels radius and
high porosity, MCPs are pure resistive absorbers
with constant resistance and minute reactance
over a wide frequency band, the expression of
which has been derived in terms of their
constitutive parameters for 0.001 < Kn <0.1.
Theoretical and experimental studies showed the
ability of unbacked optimal MCPs to achieve
absorption values greater than 0.7 wup to

kyR =1.84 with a flat absorption plateau of 0.86
up to k,R =0.3 under normal incidence. MCPs

could thus be used as suitably calibrated acoustic
materials for low frequency anechoic terminations
in the no-flow case.

e  An optimization study has been performed of the
MCPs dissipation properties under normal
incidence angle and assuming anechoic radiation
condition. It was shown that the optimal MCP

opt

resistance is given by R

=27, under an ideal

anechoic load, leading to a maximum dissipated
power of 0.5.

Ongoing works focus on the MCPs acoustical
performance and the suitability of the continuum regime
under a wide range of incidence angles for room
acoustics applications. They also address the efficiency of
rigidly-baked MCPs used as optimized locally-reacting
wall treatments in flow ducts in order to ensure maximum
damping of the principal duct mode.
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