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a b s t r a c t

The current work presents theoretical and experimental studies that investigate sound
propagation through micro-capillary plates (MCP) under a general plane wave excitation
and in the no-flow case. MCPs are characterized by micrometric channels radius with
Knudsen number greater than 0.001 so that a slip-flow model has been derived for their
viscous transfer impedance. It is found that the slip-flow model should be used instead of
the continuum model to predict the transfer impedance of MCPs with channels radii lower
than 2 mm as well as their absorption coefficient under near-grazing incident excitations.
Otherwise, both approaches provide similar results, as confirmed by comparison with
finite element simulations. Due to their high porosity, MCPs provide minute reactance and
constant resistance that can be tailored to achieve target absorption over a broad fre-
quency range. Plane wave impedance tube experiments have shown that a near-optimal
MCP termination can provide a low frequency flat absorption spectrum that stays above
0.7 up to a Helmholtz number of 1.84. Measurements on rigidly-backed MCPs have led to
ultra-wideband absorption with a half-bandwidth spanning up to 12 octaves around the
absorber Helmholtz resonance. Expressions have been derived to find the optimal chan-
nels radius that maximize the MCPs dissipation under general incidence angle and
assuming anechoic or rigid backing. The sensitivity of the MCPs optimal transfer resistance
to their load impedance has been examined. It provides a design chart to find the MCP
optimal parameters that achieve specific broadband absorption value under general inci-
dence and practical load conditions.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Micro-perforated panel (MPP) absorbers are noise control solutions that have been extensively studied due to their
promising applications in awide range of areas, such as room acoustics [1] and noise barriers [2], but also as windows [3] and
duct [4] silencing systems in order to attenuate sound transmission whilst preserving flow circulation. MPPs do not emit
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airborne fibers, may withstand severe environmental conditions and can be made of lightweight and transparent materials.
When insonified, the use of sub-millimeter perforations significantly increases the air particle velocity through the holes and
so the visco-thermal dissipation of acoustical energy into heat. When the viscous boundary layer thickness is much lower
than the holes radius, another source of absorption is the generation of acoustically-induced vorticity at the holes inlet/outlet
[5].

A first category of absorbents concerns MPP resonance absorbers backed by a rigid air cavity. Maximum absorption occurs
at the Helmholtz-type resonance whose half-bandwidth typically extends between one and two octaves around the peak
frequency [6,7]. In order to broaden the bandwidth without altering the maximum absorption value, a multi-layered dis-
tribution of MPPs and air cavities have been considered with a number of distinct Helmholtz resonances that scales on the
number of MPPs [8,9]. Decreasing the perforation ratio of the MPPs from the source side to the rigid backing enhances the
absorption as it creates a positive gradient of flow resistance [2,10].

In order to better comply with constraints on the overall thickness of the absorbent, parallel distributions of rigidly-backed
MPP resonators with different cavity depths or perforation ratios have been studied [11,12]. They showed wideband ab-
sorption performance caused by cross-coupling mechanisms between the resonators. Compound serial-parallel arrange-
ments of rigid [13] or elastic [14] MPP absorbers were found to further extend the bandwidth to higher frequencies. Other
strategies such as extended rigid [15] or flexible [16] tubes in the cavity are able to downshift the Helmholtz-type resonances
to lower frequencies due to an increase of the effective acoustic path length. Note that the above absorbents build upon
Helmholtz-type resonances to achieve, under normal incidence and in the no-flow case, impedance matching with the air
over a bandwidth as wide as possible. A similar challenge has also been pursued considering arrays of quarter-wavelength
resonators with coiled-space cavities [17]. In all cases, a trade-off is achieved between the relative absorption bandwidth
and the absorbent overall thickness that cannot fall below a certain threshold for a given absorption bandwidth due to
causality constraint [18].

A second category concerns unbacked MPPs. They are able to absorb sound energy at low frequencies through their sole
acoustical flow resistance. A single MPP in an enclosure was found to provide substantial attenuation of the cavity modes [19]
and could be used to reduce boiler tones in heat-exchange cavities. Double-leaf MPPs [20] were shown to work both as
resistive and Helmholtz-type absorbers at low and mid frequencies, respectively, and could be used as space absorbers in
room interiors. Other configurations have shown the efficiency of unbacked MPPs such as star-shaped MPPs [21] located
along the axis of an air conditioning duct to dampen its acoustic spinning modes, or micro-perforated cavity floors [22]
mounted in a wind-tunnel to reduce the transverse tunnel-cavity modes excited by a shear layer of airflow.

Maa's theory [6,7] showed that a suitable choice of sub-millimetric holes diameter and perforation ratio provides enough
acoustic resistance and low acoustic mass reactance to ensure a wide half-absorption bandwidth around the Helmholtz
resonance of rigidly-backed MPPs. However, the great bulk of studies on MPPs considers apertures whose characteristic
dimension is usually greater than 0.2 mm and with a low perforation ratio. In order to broaden the bandwidth beyond two
octaves, the MPP holes diameters should fall in the range 100e200 mm, which would require costly manufacturing processes
using machining or laser technologies [12]. A great challenge would be to produce MPPs with hundreds of minute orifices per
square centimeters [23]. The photolithographic process, well-suited to produce MEMS (Micro-Electro Mechanical Sensors),
has been used in bio-microfluidics to fabricate freestanding micro-perforated membranes made of solid polymer with holes
diameter down to 10 mm [24]. This technology has been applied to fabricate silicon MPPs with minute holes diameters down
to 27 mm and a perforation ratio up to 19%, thereby providing a bandwidth between 3 and 4 octaves with maximum ab-
sorption exceeding 0.85 [25]. This complies with an optimisation study of the constitutive parameters of a MPP-MPP-Panel
partition [26] that lead to micrometric holes diameter values in order to achieve a “plateau-like” absorption performance
greater than 0.9 between 500 Hz and 2.7 kHz.

The goal of the present work is to investigate the absorption, transmission and dissipation properties of micro-capillary
plates (MCP) in slip-flow regime characterized by holes diameters between 0.6 mm and 50 mm as well as a large perfora-
tion ratio, typically between 50 and 65%. The advantage of MCPs is to provide ad-hoc acoustic resistance and, most impor-
tantly, very low acoustic reactance over a broad frequency range, which is a key difference with respect to MPPs whose
perforation ratio hardly exceed 10e15%. Since MCPs are compact rigid absorbers with calibrated acoustic resistance that does
not vary with frequency, they are potential candidates for the design of low-frequency anechoic terminations. If plugged at
the termination of a transmission tube in the no-flow case, they would enable two-port transmission loss measurements
through single evaluation of the incident and transmitted sound power in plane wave regime, avoiding the use of the two-
load method [27] or without requiring scattering matrix measurement using the two-source method [28]. Also, MCPs cali-
brated resistance is an advantage with respect to soft porous materials whose resistance may show some variability
depending on the mounting boundary conditions [29]. Moreover, the degree of anechoicity of these materials is not always
controlled at low frequencies [30] and their shape has to be optimized to avoid prohibitive depth [31]. MCPs could also be
used as anechoic wall treatments in open flow ducts as an alternative to perforations covered by a tissue whose resistivity is
not well known [30], but this is out of the scope of the current study restricted to the no-flow case.

Dalmont et al. [32] firstly studied in 1989 the input impedance of a coupling cavity backed by a MCP with channel radius
12.5 mm in order to achieve a low-frequency anechoic termination of calibrated resistance for closed sound ducts. A suitable
MCP resistance value was obtained after minimising the reflection coefficient of the coupling adapter assuming normal
incidence and unbacked anechoic load. However, a continuum model [33] was used for sound propagation through the MCP
channels in place of a slip-flow model. In the current study, a description of the MCP transfer impedance is proposed in slip-
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flow regime that goes beyond the continuum approach for MCPs with channels radii down to 0.6 mm. An optimisation
strategy is presented based on minimising the acoustic power dissipated by MCPs under normal and oblique incidence plane
wave excitations and under general load conditions, including rigid backing. It is examined through modelling and experi-
ments how the MCP optimal resistance depends on the actual load impedance, which is hardly anechoic in practice, and on
the plane wave incidence angle, which is relevant for room acoustics applications.

Section 2 describes the morphology of MCPs together with the modelling of sound wave propagation in micrometric
channels that exhibit a slip-flow regime in which free-molecular behaviour is accounted for at the channels wall. Section 3
assesses the theoretical absorption predictions against Kundt tube measurements performed on unbacked and backed MCP
configurations. Section 4 proceeds with an optimisation study that determines, for a given acoustical load, the optimal MCP
impedance that maximizes the dissipated sound power. It shows how to tailor the MCP parameters in order to achieve
specific acoustic target performances for a number of loads and incidence angles. Section 5 summarizes the main results and
provides future research lines.
2. Modelling of the MCP acoustical properties

Sound wave propagation through MCPs with holes diameters typically lower than 10 mm exhibit deviations from well-
established continuum laws [34,35]. This occurs when the holes radius r0 approaches, even by several decades, the molec-
ular mean free path L, the ratio L=r0 defining the Knudsen number Kn. Therefore, two sound wave propagation regimes will
be considered that encompass thewhole range ofMCP pore diameters studied in this work: the continuum regime, embodied
in the Navier-Stokes equation and no slip at the walls, valid up to Kn ¼ 10�3, and the slip-flow regime, that accounts for
tangential slip-velocity boundary condition along the channel walls, first-order accurate in Kn and valid over the range
10�3 � Kn � 10�1. For 10�1 � Kn � 1, the continuum assumption breaks down in the bulk of the channel and an early
transition regime holds in which higher-order slip wall and extended hydrodynamic equations [36] should be used. For
higher Kn, full transition and free-molecular regimes can be numerically modelled by the Lattice Boltzmann Method, but this
is out of the scope of this study.
2.1. MCPs morphology, usage and fabrication

MCPs are leaded glass plates comprising a large number of identical parallel channels, up to one million per cm2, whose
diameter d0 ranges from 4 mm to 50 mmand thickness t from 0.5 mm to 5mm so that the thickness-to-channel diameter ratio,
t=d0, is typically between 10 and 200. MCPs with electrodes are typically used as image intensifiers or as detectors in cosmic
rays and particle physics, but also as photo-multipliers in VLD (Velocimetry Laser Doppler) fluid dynamics instrumentation.
Their fabrication uses solid acid-etching process on a glass tube fitted with an array of multi-fibers dissolved in a chemical
solution, leaving a glass plate with millions of micro-channels. Nowadays, the cost of small-sized MCPs has been reduced and
their fabrication can account for specific values of their constitutive parameters such as the pore diameters, the perforation
ratio, the thickness and the geometry (flat or curved, rectangular or disk-shaped, multi-layered).

Fig. 1 shows X-ray laminography pictures of the internal structure of a disk-shaped Glass Capillary Array (GCA) corre-
sponding to GCA I in Table 1 below. One observes in Fig. 1(c and d) that GCA I micro-channels are distributed in a triangular
lattice, so that its perforation ratio, defined by s ¼ 2p r20 =ð

ffiffiffi
3

p
b2Þ, reaches 50% given a pitch (center-to-center channel

spacing) b ¼ 33:7 mm. Moreover, their micro-channels are straight tubes without bias angle and of constant cross-section so
that the tortuosity factor is equal to one.
Fig. 1. (a) Photography of GCA I with outer diameter 25 mm; Magnifications of the micro-capillary plate over surfaces of areas 3.6 mm � 3.6 mm (b) and
0.7 mm � 0.7 mm (c): bright and dark zones are respectively linked to the glass and air densities; (d) Cross-sectional imaging of GCA I over a surface of area
0.7 mm � 0.5 mm; (b), (c) and (d) are obtained using X-ray laminography.



Table 1
Geometrical characteristics of MPP, GCA I, II and III; the aspect ratio is the thickness-to-channel diameter ratio, t=d0, with d0 ¼ 2r0, and the number of
channels per cm2 is 10�4s =ðp r20Þ with r0 the channels diameter and s the perforation ratio.

Plate type Channel radius
(mm)

Knudsen number
Kn

Perforation ratio
(%)

Thickness
(mm)

Aspect
ratio

Number of channels per
cm2

MPP 250 1:3� 10�4 0.79 500 1:1 4
MCP Glass Capillary Array I (GCA I) 12.5 5:1� 10�3 50 500 20:1 105

MCP Glass Capillary Array II (GCA
II)

5 1:3� 10�2 68 2250 225:1 8:7� 105

MCP Glass Capillary Array III (GCA
III)

12.5 5:1� 10�3 60 1000 40:1 1:2� 105

C. Maury, T. Bravo / Journal of Sound and Vibration 478 (2020) 1153564
2.2. Sound wave propagation through MCPs in slip-flow regime

As for GCA I (resp. GCA II and III), the Knudsen numbers in Table 1 correspond to r0 ¼ 78L (resp. 196L) withL ¼ 0:064 mm
themolecular mean free path for air at normal ambient conditions. Soundwave propagation through theseMCPs requires the
concept of slip-flows valid for 10�3 � Kn � 10�1, i.e. 10L � r0 � 1000L. In this regime, continuum laws hold valid in the bulk
of the pore, exceptwithin thin layers of thickness ~L near the porewalls, the so-called Knudsen layers. In these layers, the rate
of collisions between the gas molecules and the solid is not high enough to achieve flow momentum and thermodynamic
equilibrium, resulting in non-zero velocity slip and temperature jump conditions at the wall [36,37].

Maxwell [38] derived the tangential velocity slip boundary condition in the frame of the kinetic theory of ideal monoa-
tomic gas molecules, assimilated to rigid spheres, in contact with a reflecting wall in isothermal condition. The rationale is
applied here to a cylindrical pore of wall surface S, of radius r0 and of unit normal n entering the pore. In case of an ideally
smooth wall, specular molecular reflection occurs with equal incident and reflected angles. This results in conservation of the
molecules tangential momentum and the absence of shear stress exerted on the wall, so that v v=vnjS ¼ 0 (perfect slip) with v

the tangential mean velocity of the gas molecules and v=vn the normal derivative with respect to the dimensionless coor-
dinate r=r0. In case of a highly rough wall, perfectly diffuse reflection occurs with the random reflection angles being un-
correlated with the incident ones. This results in zero tangential momentum of the reflected molecules and a shear stress
transmitted to the wall. Equating the shear stress at the wall and in the fluid leads to the following expression for the slope of
the tangential velocity profile at the wall:

v v

vn

����
S

¼ vS � vwall
ðL=r0Þ

; (1)
in terms of vS � vwall the slip velocity that reduces, in case of a wall at rest, to vS, the trace of v on the wall, and L the slip
distance over which v varies significantly, typically over a length that corresponds to the molecular mean free path L. Hence,
Eq. (1) reduces to

vS ¼Kn
v v

vn

����
S

: (2)
In practice, molecular reflection on real walls is essentially diffuse and weakly specular [37], so that a large fraction of the
incident tangential momentum is transferred to the wall. This fraction corresponds to sv, the tangential momentum ac-
commodation coefficient, with sv ¼ 0 for perfectly smooth walls and sv ¼ 1 for extremely rough walls. The Maxwell model
can thus be expressed for most practical surfaces through the following slip-flow boundary condition [36e38]

vS ¼2� sv
sv

Kn
v v

vn

����
S

¼ Bv
v v

vn

����
S

; (3)

that reverts to Eq. (2) for sv ¼ 1 and that leads to v v=vnjS ¼ 0 for sv ¼ 0.
A similar reasoning has beenmade by von Smoluchowski [39] and Kennard [40] in the framework of rigid sphere gas from

energy flux balance at the wall and in the fluid, to obtain the following temperature jump boundary condition

tS ¼2� st
st

2g
gþ 1

Kn
Pr

v t

vn

����
S

¼ Bt
v t

vn

����
S

; (4)

in terms of tS (resp. t) the temperature disturbance at the wall (resp. in the gas), g ¼ 1:402 the specific heat ratio, Pr ¼ 0:71
the Prandtl number and st the thermal accommodation coefficient, e.g. the fraction of incident thermal energy flux trans-
ferred to the wall. According to Ref. [35], the approximation, stzsv, is often used. Measurements [36,41] showed that most of
the values for sy range between 0.85 and 1.00 for several gas and surface combinations. As for GCAs, syz0:9 has been chosen
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since it corresponds to the tangential momentum accommodation coefficient of the air-glass combination, as reported in
Table I of [41].

Assuming straight cylindrical channels with longitudinal axis z undergoing pulsating gas motion induced by an acoustic
pressure gradient dp=dz in harmonic regime (eju t), the continuum laws such as linearized momentum and energy con-
servation read [35]

1
r

v

v r

�
r
v v

v r

�
þ k2v v¼

1
m

d p
d z

; (5)

1
r

v

v r

�
r
v t

v r

�
þ k2tt¼

k2t
r0Cp

p; (6)

where kv ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�jur0=m

p
and kt ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�jur0Cp=k
p ¼ kv

ffiffiffiffiffi
Pr

p
are respectively the viscous and thermal diffusion wavenumbers, Cp

the specific heat capacity under constant pressure, k the thermal conductivity coefficient, Pr ¼ m Cp=k the Prandtl number, m
the air dynamic viscosity and r0 the air density. Note that, in Eqs. (5) and (6), one assumes that the pressure remains plane,
independent of r, in the channels.

Given the formal similarity between Eqs. (5) and (6) as well as between the Robin-type boundary conditions, Eqs. (3) and
(4), we first focus on the solution to the momentum boundary-value problem (BVP) described by Eqs. (3) and (5) before
transposing to the thermal BVP. The general solution to Eq. (5) is the sum of a particular solution and of a general solution
without a right-hand side, namely,

vðr; zÞ¼ 1
m k2v

d p
d z

½1� Fðr; kv;BvÞ�; (7)

with F an unknown dimensionless function that is regular over the channel axis at r ¼ 0: Substituting Eq. (7) into Eqs (3) and

(5) leads to the following BVP,

1
r

v

v r

�
r
v F
v r

�
þ k2v F ¼0; (8)

v F
���
FS �Bv

vn �S ¼ 1; (9)

whose solution is given by
Fðr; kv; BvÞ¼ J0ðkvrÞ
J0ðkvr0Þ � Bvkvr0J1ðkvr0Þ

; (10)

with J0 and J1 Bessel functions of the first kind of orders 0 and 1 respectively. Cross-sectional averaging Eq. (7) leads to the
mean axial flow rate v in the channels defined as v ¼ S�1
0

Z 2p

0

Z r0

0
v ðr; zÞ rdrdq with S0 ¼ p r20 the channel cross-sectional

area. Given that
R
xJ0ðxÞ dx ¼ xJ1ðxÞ, one gets

v¼ � 1
jureff :

d p
d z

; (11)

with
reff : ¼ r0

�
1� 2

kvr0

J1ðkvr0Þ
½J0ðkvr0Þ � Bvkvr0J1ðkvr0Þ�

��1

; (12)

the effective or dynamic density of the channel. Eq. (11) can be recast as
d p
d z

¼ � Zvv; (13)

with Zv ¼ jureff : the viscous transfer impedance of the channel, given per unit length as follows
Zv ¼ jur0 t
�
1� 2

kvr0

J1ðkvr0Þ
½J0ðkvr0Þ � Bvkvr0J1ðkvr0Þ�

��1

: (14)
The overall transfer impedance of a MCP in the slip-flow regime can then be obtained as Zv=s.
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When Kn � 10�3, it can be seen from Eq. (3) that Bvz0. Eq. (14) then reduces to the overall transfer impedance of a MPP in
the continuum regime without pore end effects [6]. For MPPs, supplementary added mass and frictional loss effects occur at
the holes inlet/outlet. For MCPs, minute tubes radius with respect to the channels length ensures that these end-effects are
negligible with respect to the inner effects described by Eq. (14). They are even further reduced due to paramount hole
interaction effects, for instance by a factor 8 when s ¼ 50% [42].

Returning to the thermal BVP given by Eqs. (4) and (6), its solution is formally similar to Eq. (7) and reads

tðr; zÞ¼ p
r0Cp

½1� Fðr; kt;BtÞ�; (15)

with Fðr; kt;BtÞ obtained from Eq. (10) after substituting kv by kt and Bv by Bt. Assuming that velocity divergence is mainly

longitudinal, the linearized mass conservation equation reads

r0
v v

v z
¼ � jur; (16)

where the fluid density fluctuation r is obtained from the linearized thermodynamic state equation as follows
r¼ g

c2
p� r0

T0
t; (17)

with c0 the sound velocity and T0 the unperturbed gas temperature. Substituting Eqs. (15) and (17) into Eq. (16) and noting

that g� 1 ¼ c2 =ðT0CpÞ, one gets

v v

v z
¼ � ju

p
r0 c2

½1þðg�1ÞFðr; kt;BtÞ�: (18)
Cross-sectional averaging Eq. (18) leads to

d v

d z
¼ � Ytp; (19)

where Yt is the thermal transfer admittance of a channel, given per unit length, as follows

Yt ¼ ju
g p0

�
1þðg�1Þ 2

ktr0

J1ðktr0Þ
½J0ðktr0Þ � Btktr0J1ðktr0Þ�

�
; (20)

with p0 the ambient static pressure. The effective or dynamic compressibility, ceff :, of a channel in the slip-flow regime, is then
defined from Eq. (20) and Yt ¼ juceff :.

In the continuum regime with no-slip boundary conditions, Bv and Bt are zero-valued and the channel effective density
and compressibility reduce to the expressions derived by Stinson, respectively associated to Eqs. (48) and (51) in Refs. [43].
Stinson's expressions generalized Zwikker and Kosten approximations [33] over a wide range of frequency and tube radii that
are assumed to be greater than 10 mm, e.g. with Kn � 6:4� 10�3. Other authors [36,37,44] considered Kn ¼ 10�3 as the
frontier between the no-slip and the slip-flow regimes and observed it is case-dependent. It is examined in Sec. 2.3 how
sensitive are the MCP acoustical properties to the slip-flow regime.

2.3. MCPs acoustical properties in continuum and slip-flow regimes

Assuming normal plane wave incidence, the amplitude reflection and transmission coefficients are defined as r0 ¼
ðZ1 �Z0Þ =ðZ1 þZ0Þ and t0 ¼ 2Z0 =ðZ1 þZ0Þ with Z1 ¼ Zv=sþ Z0, the input impedance of the absorber backed by an anechoic
termination, and Z0 ¼ r0c0. In the following, Rtr and Jtr denote the overall transfer resistance and reactance such that Zv=s ¼
Rtr þ j Jtr. On can then calculate the dissipation, h ¼ 1� jr0j2 � jt0j2, as the fraction of incident energy not reflected, nor

transmitted. It is expressed as a function of a ¼ 1� jr0j2 (resp. t0 ¼ jt0j2) the energetic absorption (resp. transmission) co-
efficients. For a MCP backed by a rigid air cavity of depth D, the absorption coefficient is obtained from Z1 ¼ Zv =sþ
jZ0 cotðuD =c0Þ.

2.3.1. Narrow channel approximation to the MCPs slip-flow model
Narrow channels behaviour occurs if the Shear number Sh ¼ r0=dy is lower than unity, i.e. if the viscous boundary layer

thickness, dy ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m=ðu r0Þ

p
, exceeds the channels radius r0. This occurs for frequencies up to fmax ¼ m =ð2p r0r

2
0Þ. It can be seen

that the “narrow channel” behaviour is readily met for GCA I, II and III up to 7 kHz, the upper frequency range of the ex-
periments presented in Sec. 3. Indeed, fmax equals 94 kHz (resp. 15 kHz) for GCA I (resp. GCA II and III). Note that a suitable
characteristic length scale (CLS) can be defined as dy when Sh>1 and as r0 when Sh<1. r0 is thus the CLS for GCA I, II and III up
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to 7 kHz. If MCPs with larger tubes radius, say 50 mm, were considered, fmax would be shifted down to 945 Hz and either CLS
should be considered on their specific frequency ranges up to 7 kHz.

As MCPs have narrow channel behaviour, jkvr0j<1, over a broad frequency range, we will proceed to a Taylor series
expansion of Eqs. (7) and (10) with respect to the Shear number Sh ¼ jkvr0j up to order four. This leads to the following axial
velocity profile in slip-flow regime,

vðr; zÞ¼ 1
m k2v

dp
dz

"
jbv �

k2v
�
r20 � r2

	
4

ð1� bvÞ
#
; (21)

with bv ¼ ðBv =2Þ ðkvr0Þ2. The first term is the slip velocity and the second term is a parabolic velocity profile. When Bv ¼ 0, Eq.
(21) reduces to the well-known Poiseuille velocity profile, vðr; zÞ ¼ � ðdp =dzÞðr20 � r2Þ =ð4mÞ, valid for narrow channels in
continuum regime.

Performing a similar series expansion in Eqs. (14) and (20) leads to

Zvz
1

1� 4Bv

(
8tm
r20

þ j
4
3
ur0 t ð1�6BvÞ

)
; (22)

Ytz
ju
p0

�
1� j

ðg�1Þ
8g

Cp
k
ur0 r20 ð1�4BtÞ

�
; (23)

which reduce, when Bv ¼ Bt ¼ 0, to Zwicker and Kosten low frequency approximation for the transfer impedance and
admittance of narrow channels in continuum regime [33]. One observes from Eq. (23) that, for MCPs with radius in the range
2e25 mm and at low frequencies, RealðYtÞz0, so that there is no thermal dissipation in capillary channels. Moreover, the air

particle motion is isothermal at low frequencies. The axial gradient of average intensity, dI =dz ¼ � 0:5RealðYtÞ jpj2 �
0:5RealðZvÞ jvj2, thus reduces to dI =dzz� 4tmjvj2f r20ð1� 4BvÞg�1

and viscous effects dominate the dissipation of acoustical
energy.

Fig. 2 shows the Knudsen number dependency of a, t0 and h for a 0.5mm thickmicro-perforatewith a high density of holes
(s ¼ 50 %, bz1:35d0) with r0 decreased from 635 mm down to 0.64 mm (10L) while Kn increases accordingly. It can be seen
that the narrow channel approximation given by Eq. (22) well approximates the exact expression given by Eq. (14) over a
broad range of Knudsen numbers encompassing the continuum regime.

In this regime (Kn � 10�3), 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-reflexion 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 hmax ¼ 0:5 for an optimal value of the holes radius ropt0 ¼ 12:8 mm (Kn ¼ 5� 10�3). It will be shown
in Sec. 3 that h cannot exceed 0.5 for a single unbackedMCP under normal incidence. One also observes from Table 1 and Fig. 2
that GCA I (Kn ¼ 5:1� 10�3) is close to the optimal configuration.
Fig. 2. Knudsen number dependencies of the absorption (exact, ; approx., ), transmission (exact, ; approx., ) and dissipation (exact, ;
approx, ) coefficients of a MCP (t ¼ 0:5 mm, s ¼ 50 %) assuming a slip-flow regime at 500 Hz; the vertical line with circles ( ) corresponds to GCA I.
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2.3.2. Comparison between MPP and MCPs acoustical properties
From the narrow channel approximation given by Eq. (22) for the viscous transfer impedance of a micro-channel, one finds

that the overall MCP transfer impedance, Zv=s, reduces to a pure resistance given by,

Rtrz
8tm

s r20ð1� 4BvÞ
(24)
It follows an inverse-power law of order 4 with respect to the channels radius and does not depend on frequency, which a
priori makes MCPs suitable calibrated acoustic resistances. Still from Eq. (22), the magnitude of the specific reactance,
j Jtr =Z0jz4u t =ð3s c0Þ, is found to be almost zero-valued over a broad frequency range due to theMCPs high perforation ratio.
These are very distinct features from the MPPs impedance properties.

Fig. 3 illustrates these differences, both in the unbacked and backed configurations. When unbacked [Fig. 3(a)], the MCPs
exhibit flat absorption over the whole frequency bandwidth, that reaches a ¼ 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 [Fig. 3(b)], the MPP provides
narrowband absorption whose half-bandwith extends over one octave around the Helmholtz resonance with amax ¼ 0:88 at
fH ¼ 629 Hz. GCA I reaches similar maximum value amax ¼ 0:85, but provides much broader absorption with a half-
bandwidth that spans almost 9 octaves around fH ¼ 1668 Hz.

Note that fH is increased up to 1668 Hz due to a lower effective mass per unit area of GCA I with respect to the MPP. This is
reflected in Fig. 3(d) which shows that, unlike the MPP, the MCPs exhibit minute specific reactance over a wide frequency
band. Fig. 3(c) confirms that MCPs act as constant acoustic resistances constant whose value is mainly determined by their
micro-channels radius. It can be seen that GCA I with 12.5 mm channels radius has an input resistance of about 3:3 Z0, which is
close to 3Z0, the optimal input impedance derived in Sec. 3. However, GCA II presents a too high input resistance (46 Z0) due
Fig. 3. (a) Normal incidence absorption coefficients of unbacked MPP ( ), GCA I (exact, ; finite element, ), GCA II ( ), GCA III ( ) assuming
anechoic load conditions; (b) Normal incidence absorption coefficients of rigidly-backed MPP ( ), GCA I ( ), GCA II ( ), GCA III ( ) with cavity
depth D ¼ 0:05 m; (c) Frequency dependence of the specific transfer resistance, Rtr=Z0, related to MPP ( ), GCA I ( ), GCA II ( ), GCA III ( ); (d)
Frequency dependence of the specific transfer reactance, Jtr=Z0, related to MPP ( ), GCA I ( ), GCA II ( ) and GCA III ( ).
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to extremely small channels radius (5 mm) and responsible for its poor absorption performance in unbacked and backed
configurations.

2.3.3. Discussion on the validity of the continuum model for MCPs in slip-flow regime
The theoretical predictions using the slip-flow model have been assessed against Finite Element Method (FEM) using the

Thermoviscous Acoustics model implemented in Comsol Multiphysics in the Frequency Domain. This continuum model
assumes no-slip velocity and isothermal conditions at the channel walls. The maximum element size was set to r0=5 and 4
layers of thickness r0 =20 ¼ min

f�7kHz
ðr0 =20; 0:3dvÞ constituted the boundary layermesh to ensure a constantmesh thickness up

to 7 kHz. It can be seen from Fig. 3(a) that a good agreement is observed between the theoretical and FEM models of GCA I
absorption properties. Fig. 4(a) shows the axial gradient of acoustic pressures through the channels of GCA I at 500 Hz. At this
frequency, dvz5:5 r0 and a magnified view in Fig. 4(b) would show a Poiseuille-type velocity profile in the channels cross-
section. Fig. 4(c) confirms isothermal conditions within the fluid domains occupied by the MCP channels.

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. Indeed, assuming narrow channel behaviour (Sh<1), one gets from Eq. (14), ZSFn z

jur0 t f 1� ð1þ 0:6j Kn Sh2 QðSh
ffiffiffiffiffiffi
�j

p
ÞÞ QðSh

ffiffiffiffiffiffi
�j

p
Þg�1 in slip-flow regime, with QðxÞ ¼ 2J1ðxÞ =½xJ0ðxÞ�. It differs from

ZCn ¼ jur0 t f 1� QðSh
ffiffiffiffiffiffi
�j

p
Þg�1 in continuum regime by a factor Kn Sh2QðSh

ffiffiffiffiffiffi
�j

p
Þ which is much smaller than unity in

continuum (Kn < <1) or in slip-flow (Sh< <1) regimes since QðSh
ffiffiffiffiffiffi
�j

p
Þz1� jSh2 =8þ OðSh4Þ when Sh< 1. In case of

extremely small channels in slip-flow regime, e.g. when Kn tends towards 0.1, it is of interest to accurately determine how
much ZSFn differs from ZCn . Inserting the second-order series expansion of Q in the above slip-flow and continuummodels, one

gets ZSFn zZCn f 1þ 4 Knð2� syÞ=syg�1, or equivalently ZCn =Z
SF
n z1þ 4:9Kn, with ZCn z8ur0t=Sh

2. It shows that ZCn increasingly
overestimates ZSFn as Kn tends towards 0.1. This is in accordancewith Fig. 5(a) that predicts a relative error between ZCn and ZSFn
reaching 49% at Kn ¼ 0:1. Note that this discrepancy occurs between very high resistance values (ZCn z424Z0 and ZSFn z 285Z0)
so that it hardly affects the corresponding low values of the normal incidence absorption coefficients, aC and aSF, as well as the
minute transmission and dissipation coefficients, as seen from Fig. 5(b).

An overall picture is obtained when examining the narrow channel approximation of the ratio, rC=rSF, between the
reflection coefficients in continuum and slip-flow regimes under a general incidence angle q. Zn is then replaced by the

effective impedance Zn cosðqÞ and one gets rC =rSFz1þ 4Knð2 =sy � 1Þf 1þ 4m t cosðqÞ=ðZ0r20Þg
�1

. For extremely small holes

and for normal incidence (q ¼ 0�), the term 4m t =ðZ0r20Þ is dominant so that rC=rSFz1 and aCzaSF. However, when q tends

towards 90�, the term 4m t cosðqÞ =ðZ0r20Þ tends to zero and rC=rSF increases up to 1.49. Hence, under almost grazing incidence
(q>80�), the continuum model underestimates the absorption coefficient in slip-flow regime by up to 31%, the trend being
Fig. 4. Spatial distribution of the magnitude of (a) acoustic pressure, (b) acoustic velocity and (c) temperature disturbance calculated by FEM in two GCA I
channels whose front side at the bottom of the figure undergoes an incident plane wave at 500 Hz.



Fig. 5. Knudsen number dependency of the acoustical properties of a MCP (t ¼ 0:5 mm, s ¼ 50 %) calculated at 5 kHz from the slip-flow (black, ZSFn ) and
continuum (grey, ZCn ) exact models: (a) Specific overall transfer resistance (solid) and reactance (dashed) of the MCP; (b) Normal (lines, q ¼ 0�) and almost grazing
(lines with circles, q ¼ 86�) incidence absorption (solid), transmission (dash-dotted) and dissipation (dashed) coefficients of the unbacked MCP assuming
anechoic load condition; (c) Normal (lines, q ¼ 0�) and almost grazing (lines with circles, q ¼ 86�) incidence absorption coefficient of the MCP rigidly-backed by a
cavity of depth D ¼ 0:05 m; (d) Random diffuse field absorption coefficient of the MCP rigidly-backed by a cavity of depth D ¼ 0:05 m.
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observed in Fig. 5(b). This also occurs for the transmission and dissipation coefficients. A similar conclusion holds for the
absorption coefficient of rigidly-backed MCPs under plane wave incidence [Fig. 5(c)].

Fig. 5(b) and (c) show that aC underestimates aSF under almost grazing incidence for Kn>0:03, e.g. for channels radius r0 <
2 m m. However, as seen from Fig. 5(d), the continuum and slip-flowmodels hardly affect the absorption coefficient of rigidly-

backed MCPs under a diffuse field random excitation defined as 2
R p=2
0 aðqÞcosðqÞsinðqÞdq. The absorption is thenweighted by

a factor cosðqÞ that tends to be small near grazing angles. In summary, the slip-flow model should be used instead of the
continuummodel to predict the transfer impedance of MCPs with channels radii lower than 2 mm (Kn>0:03) as well as their
absorption coefficient under near-grazing incident excitations (q>80�). Otherwise, both approaches provide similar results.
3. Experimental study

To verify the accuracy of the proposed models, measurements have been performed to determine the absorption coef-
ficient of several MCP absorbers using a small impedance tube installed vertically in a semi-anechoic environment, as shown
in Fig. 6(a). The procedure is based on the two-microphone method [45].

A loudspeaker, connected at the base of the tube, generates a random pressure field that propagates towards the MCP
holder. The tube made of steel is 1 cm-thick, 80 cm-long and has an inner radius R ¼ 1:5 cm that provides a maximum
frequency of analysis slightly less than 6700 Hz, the first duct cut-on frequency, so that k0R � 1:84 with k0 the acoustic
wavenumber. The transfer function H12 is estimated between the acoustic pressures p1 and p2 measured at the positions of
two 1/400 condenser microphones located upstream of the sample and separated by a distance d ¼ 5 cm. Such spacing stays
lower than the smallest half-wavelength at the duct cut-on frequency and provides a lower frequency limit of 200 Hz above
which results are known to be accurate. The reflection coefficient at the holder position, z ¼ 0, takes the form, r0hðz¼ 0Þ ¼
e�2jk0ðdþeÞðH12 � e�jk0dÞ =ðejk0d � H12Þ, with e ¼ 6:7 cm the distance between microphone 1 and the holder.

Because theMCP 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 ontowhich the MCP is fixed, as shown in Fig. 6(b). The adaptor introduces a constriction of radius rc ¼ 1 cm



Fig. 6. (a) Photography of the small Kundt tube used to measure the absorption coefficient of an unbacked MCP whose acoustic radiation in a semi-anechoic
facility is characterized by a pressure-velocity probe; (b) Schematic of the whole experimental set-up with cross-sectional view of the PVC circular adaptor
into which the MCP was set.
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and thickness l ¼ 1 cm. Applying continuity of the pressures and acoustic flow rate at z ¼ 0 leads to the following estimate of
the MCP specific input impedance at z ¼ l,

Z1
Z0

z
r2c


1þ r0h

�
cos

�~k0;rl	� j R2


1� r0h

�
sin

�~k0;rl	
R2



1� r0h

�
cos

�~k0;rl	� j r2c


1þ r0h

�
sin

�~k0;rl	; (25)

with ~k0;r ¼ �j
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Zv;r Yt; r

p
a complex wavenumber that accounts for viscothermal attenuation at the adaptor walls, r0 being

replaced by rc in Eqs. (14) and (20) to get Zv;r and Yt; r in continuum regime. The absorption coefficient is then readily obtained
from Eq. (25). Note that, during the experiments, the output signals from the sensors were acquired using the OROS (type
OR38) multi-channel system over a bandwidth 80 Hze6.7 kHz, at a sampling rate of 12.8 kHz andwith a spectral resolution of
1.56 Hz, triggered on the generation of a white noise drive signal.

Fig. 7(a) shows that plugging the thin GCA I 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 k0R ¼ 0:3 and then slowly
decreases down to 0.7 up to k0R ¼ 1:84. This is appreciated when compared to the fraction of incident energy not reflected by
the open adaptor which is minute below k0R ¼ 0:4 and monotonically reaches a value of 0.65 towards k0R ¼ 1:84. This open
tube behaviour is well predicted by the ðn;a0Þ model for the reflection coefficient of unflanged cylindrical ducts [46] given by

r0openðuÞ ¼ �ð1þ jk0R=a0Þ�ðnþ1Þ with a0 ¼ 1:2266 and n ¼ 0:504. One also observes in Fig. 7(a) that the theoretical model,
which assumes plane wave anechoic load, provides a flat absorption spectrum that underpredicts the measured absorption
values by 20% up to k0R ¼ 0:3. The load radiation impedance of the unbacked MCPs has thus been characterized.

Near-field collocated measurements have been performed of both the pressure and the air particle normal velocity
radiated by the MCPs in free-field using a miniature 0.005 m pressure-velocity (p-v) probe. A surface-averaged estimate of
GCA I radiation impedance has been obtained from a set of p-v measurements performed over a circular surface located at a
fixed stand-off distance, dS�O ¼ 0:01 m, from the MCP radiating side. The measurement points are distributed over four
diametral lines located at 45� from each other, each line comprising 21 points separated by 1.5 mm. The short distance dS�O
avoids the presence of pressure nodes at themicrophone over themeasurement bandwidth up to fmax ¼ 6:7 kHz since dS�O <



Fig. 7. (a) Normal incidence absorption coefficients of unbacked GCA I: measured ( ) and predicted assuming unflanged ( ), flanged ( ) and plane
wave anechoic ( ) radiation conditions, and that of the open adaptor termination: measured ( ) and predicted assuming unflanged ( ) 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, ).
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c0 =ð4fmaxÞ. It also keeps the signal-to-noise ratio above 20 dB at both the microphone and the particle velocity sensors. Prior
to the experiments, the amplitude and phase responses of the p-v sensors were calibrated in a standing wave tube [47] and in
anechoic conditions.

It can be seen in Fig. 8 that the load impedance measured behind GCA I is obviously different from a plane wave anechoic
condition. Because the MCP is highly porous, its load impedance does not substantially differ from that of an open cylindrical
termination, as hypothesized in Ref. [32]. A good agreement is observed between the measured surface-averaged radiation
impedance and the plane wave radiation impedance predicted from Zorumski's infinite flanged model [48] and corrected by
spatial variation effects induced by higher-order evanescent axisymmetrical modes [46]. It was observed that these higher-
order modes tend to lower the plane wave mode radiation resistance and reactance values below k0Rz1:84 and improve the
correlation with Zorumski's model. The measured radiation impedance also well correlates, especially below k0Rz 0:7, with
the ðn;a0Þ model proposed in Ref. [46] for flanged cylindrical ducts with a0 ¼ 0:8216 and n ¼ 0:350, but not so well for the
unflanged model that does not account for the effects of the higher order modes, nor of the finite thickness flange.

Nevertheless, Fig. 7(a) shows that accounting for both the radiationmodels in GCA I load impedance significantly improves
the correlation between the predicted and measured absorption coefficients. Because GCA II has a very high transfer resis-
tance as well as a small transfer reactance, the theory predicts a low flat absorption spectrum of about 0.1, which is confirmed
by the measurements, as it can be seen from Fig. 7(b). Note that GCA II absorption values are insensitive to the load
impedance. Moreover, given GCA II Knudsen number (Kn ¼ 1:3� 10�2), the slip-flow theory slightly improves the agreement
with the measurements when compared to the continuum theory whereas both theories lead to hardly distinguishable
results for GCA I (Kn ¼ 5:1� 10�3).



Fig. 8. Specific radiation resistance (a) and reactance (b) of GCA I when evaluated from surface-averaged p-v free-field measurements ( ), from Zorumski's
radiation impedance model ( ) accounting for the effects of six higher order radial modes and from the approximate ðn;a0Þ radiation impedance models
assuming flanged ( ) and unflanged ( ) terminations.
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Theory and experiments showed that MCP terminations radiating in free-field are able to provide, in the plane wave
domain, wideband flat absorption performance that can be monitored by varying the channels radius. Of interest is to
examine the absorption performance of MCPs backed by opened and closed cavities.

The absorption measurements shown in Fig. 9(a) on GCA I rigidly-backed by a 24 mm-depth cavity confirm the practical
ability of MCPs to provide a broad half-absorption bandwidth that here spans almost 12 octaves around fH ¼ 3320 Hz with
amax ¼ 0:86. The measured absorption curve reasonably agrees with the model that considers a MCP input impedance of the

form, Z1 ¼ Zv =sþ jZ0ðr2c =R2Þcotð~k0; RDÞ, with Zv=s given by Eq. (24) and ~k0; R ¼ � j
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Zv; RYt; R

p
, a complex wavenumber that

accounts for viscothermal attenuation at the cavity walls. It is noteworthy that the absorption can be further enhanced by fine
tuning of the channels radius to achieve a critical coupling condition [49] for which the viscous losses in the capillaries
balance the leakage due to back-reflection. As shown in Fig. 9(a), this is obtained when enlarging the channels radius from
12.5 mm to 17.5 mm, thereby providing an absorption coefficient greater than 0.99 between 2.8 kHz and 3.8 kHz, albeit with a
somewhat reduced half-bandwith with respect to GCA I.

The drawback of this resonant absorber is its poor absorption performance at low- andmid-frequencies, here below 1 kHz.
As illustrated in Fig. 10, a hybridizedMCPmade up of a parallel arrangement of backed and unbackedMCPs with equal surface
proportion enables to achieve wideband absorption around fH ¼ 3320 Hz while keeping an absorption coefficient greater
than 0.5 below 1 kHz. Its input admittance is calculated as

Y1 ¼
Sb=S

Zbv
.
sþ jZ0 cot

�~k0; RD	þ
Su=S

Zuv
�
sþ Z0

; (26)

with Zuv (resp. Zbv ) the transfer impedances of the unbacked (resp. backed) MCPs and Su (resp. Sb) their surface area such that
Su þ Sb ¼ S. The parameters constitutive of the unbacked and backed MCPs can be separately optimized to achieve maximum
dissipation given their respective load conditions. This strategy has been used to provide the results of Fig. 10(b).

One now assumes that GCA I is backed by an open cavity of depth D ¼ 145 mm and of the same radius than the impedance
tube. Its input impedance then reads



Fig. 9. Normal incidence absorption coefficient of GCA I when backed by cavities with rigid (a) and open (b) terminations, respectively located 24 mm and
145 mm apart from the MCP: measurements ( ) and predictions assuming rigid ( ) and unflanged open ( ) terminations; Also shown in (a) the
normal incidence absorption coefficient predicted for critically-coupled GCA I ( ) with back cavity and with channels radius increased to 17.5 mm.
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The theoretical and experimental results shown in Fig. 9(b) confirm that the system ensures a constant maximum ab-
sorption value of about 0.85 except around the cavity quarter-wavelength resonance frequencies. At these frequencies, the
normal air particle velocity is zero-valued over the MCP surface, leading to a significant drop in the absorption coefficient.
However, the increase of radiation leakages with frequency at the unflanged cavity termination [see Fig. 7(a)] causes an
increase of the absorption value at the dips when the resonance order increases. Although not shown, it was observed that, by
decreasing the depth of the open cavity, one upshifts the first quarter-wavelength resonance frequency and the absorption
spectrum tends towards that of an unbacked MCP with unflanged radiation condition that provides, as seen in Fig. 7(a), a
“plateau” of high absorption over a broad bandwidth. It results from Figs. 7, 9 and 10 that the absorption performance of
dissipative MCPs is highly sensitive to their load impedance. The sensitivity of the MCPs optimal properties to the load
impedance is examined in Sec. 4.

4. Optimisation study

4.1. Optimisation of MCPs under a general load

From Sec. 2.3, it can be shown that the MCP specific input impedance, z1;b ¼ Z1;b=Z0, under a general specific load b ¼ bRþ
jbI , bR � 0, is well approximated by rtr þ b over a broad frequency range (Sh<1) with rtr ¼ Rtr=Z0, Rtr being given by Eq. (24).



Fig. 10. (a) Quarter cut drawing of a hybrid absorber whose central part is a rigidly-backed MCP and annular part is an unbacked MCP; (b) Comparison between
the predicted normal incidence absorption coefficients related to an optimal unbacked MCP ( ) assuming plane wave anechoic load, a rigidly-backed
critically-coupled MCP ( ) with cavity depth 24 mm and a hybridized MCP ( ) made up of a parallel arrangement of the previous absorbers with
equal surface proportion.
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An optimisation study is nowperformed to find the optimal value of rtr, r
opt
tr; b, that maximizes the power dissipated by theMCP

under normal plane wave incidence. The dissipated power defined in Sec. 2.3 can be recast as the following second-order
equation in rtr

h r2tr �2½2�hð1þ bRÞ� rtr þ
h
hjbj2 þ2bRðh�2Þþhþ4

i
¼0: (28)
In order to have real positive solutions, its discriminant D ¼ �4 ðh2b2I þ8h�4Þ must be positive. D is a second-order

polynomial in h whose discriminant D0 ¼ 16 ð4þb2I Þ is always positive. D can thus be written as

D ¼ �4b2I ðh�hþÞ ðh�h�Þ with h± ¼ ð4 =b2I Þ ð�1±
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ b2I =4

q
Þ for bIs0, the case bI ¼ 0 being treated in Sec. 4.2. Since h� <

0, D � 0 if and only if 0 � h � hþ, so that the maximum dissipated power hopt
b

¼ hþ takes the form

hopt
b

¼ 4

b2I

0
@� 1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ b2I

4

s 1
A (29)

which does not depend on the load resistance, but only on its reactance.

When hopt
b

¼ hþ, D ¼ 0 and the second-order equation in rtr admits a unique positive solution that provides the load

dependence of the optimal MCP transfer resistance,

ropttr; b ¼
2

hopt
b

� ð1þ bRÞ (30)

valid as long as ð1þbRÞ<2 =hopt
b

for ropttr; b to stay positive. Fig. 11(a) illustrates the load dependence of the optimal MCP transfer

resistance. It can be used as a design chart to deduce the optimal MCP constitutive parameters from a given load.

Substituting Eqs. (29) and (30) into the expression, zopt1;b ¼ ropttr; b þ b , for the optimal MCP input impedance, one gets

zopt1;b ¼ b2I

�2þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4þ b2I

q � 1þ jbI (31)

which shows that zopt1;b only depends on the load reactance, as it is the case for aopt
b

, t0 opt
b

and hopt
b

. One appreciates from

Fig. 11(b and c) the dependence of these quantities with respect to bI . It indicates that the best dissipation performance that
can be achieved by a MCP absorber is that under anechoic load conditions.



Fig. 11. (a) Adaptation of the MCP optimal transfer resistance, ropttr; b , to the load specific impedance, b, to achieve maximal dissipation along with the maximum
load resistance curve ( ) above which ropttr; b reaches negative unphysical values; (b) Phasor curve dependence of the optimal specific input impedance, zopt1; bI

, to
the load reactance, � 12 � bI � 12, along with circles of constant dissipation; (c) Dependence of the optimal absorption ( ), transmission ( ) and
dissipation ( ) coefficients to the load reactance bI; also shown in (a) and (b) the optimal configuration assuming plane wave anechoic conditions ( ).
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4.2. Optimisation of MCPs assuming a plane wave anechoic load

In practice, knowledge of the MCP load impedance may not be readily available. It is then of interest to examine the
sensitivity of the MCP acoustical performance to the actual load, once it has been optimized assuming a plane wave anechoic
load. The latter case corresponds to bR ¼ 1 and bI ¼ 0. The discriminant of Eq. (28) then simplifies into D ¼ 16ð1 � 2hÞ. Real
physical solutions require h � 1=2. In other words, the dissipation of a MCP with anechoic load cannot exceed 0.5, as already
observed in Fig. 2. In the optimal case h ¼ hopt ¼ 1=2(D ¼ 0), the unique solution to Eq. (28) is the optimal specific transfer

resistance ropttr;1 ¼ 2. Substituted in Eq. (24), the optimal channel radius reads

aopt1 ¼2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t m

s Z0ð1� 4ByÞ

s
(32)

opt
For the GCA I parameters reported in Table 1, this leads to a1 ¼ 13:2 mmwhich is quite close to the actual value 12:5 mm.

Hence, GCA I is nearly optimal, as anticipated from Figs. 2 and 3(a) and 7(a). For GCA II (resp. GCA III), this leads to aopt1 ¼
23:8 mm (resp. 16.9 mm). These values are much higher than the actual ones, 5 mm (resp. 12.5 mm). They provide too high
resistance resulting in lower absorption values, as seen in Fig. 12, but also in Figs. 3(a) and Fig. 7(b).

One deduces from ropttr;1 ¼ 2 the optimal input impedance, absorption and transmission of MCPs under an anechoic load,

namely zopt1;1 ¼ 3, aopt1 ¼ 3=4 and t0 opt1 ¼ 1=4. Higher values of the absorption coefficient could be obtained for less resistive

MCPs, described by the smallest of the two solutions to Eq. (28), r�tr;1, with r±tr;1 ¼ 2ð1�h±
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2h

p Þ h�1 assuming D> 0 (h<

1=2). However, as it can be seen from the grey curves in Fig. 12, this would be at the expense of lower dissipation and higher



Fig. 12. Dependence of (a) the specific transfer resistances (r1þtr; , black; r
1�
tr; , grey), (b) the absorption coefficient and (c) the transmission coefficient to the power h

dissipated by an unbacked MCP under an anechoic load; also shown are the acoustical properties of GCA I (circle), GCAII (diamond) and GCA III (square). An
overview of the sensitivity of the absorption, transmission and dissipation coefficients of an optimized MCP to the load impedance is shown in Fig. 13.
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transmission values. It corresponds to a class of acoustically transparent MCPs that could provide suitable candidates to
design low-frequency anechoic terminations. The black curves in Fig. 12 correspond to another class of MCPs, of lesser in-
terest, with high resistance, low transmission and which reflect a large part of the incident wave.

TheMCP transfer resistance is optimized assuming an anechoic load, but its actual load is varied such that its specific input

impedance, z1; b ¼ ropttr;1 þ b, encompasses all the types of loads encountered in Sec. 3, from purely reactive due to rigid backing

(bR ¼ 0) to purely resistive due to anechoic conditions (bI ¼ 0). One retrieves in Fig. 13 the trends observed in the absorption
spectra of Fig. 7(a) and Fig. (9) for which GCA I is nearly optimal under anechoic load.

4.3. Extension to plane wave oblique incidence

The MCP optimal channel radius is then dependent on the incidence angle q. It is readily obtained by substituting the MCP
resistance, rtr, by its effective value rtr cosðqÞ. Assuming an anechoic load and maximizing the MCP dissipation leads to

aq opt
1 ¼2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t m cosðqÞ

s Z0ð1� 4BnÞ

s
(33)
From Eq. (33), one observes that GCA I, II and III are optimal if they are respectively insonified under 24.7�, 87.5� and 57.0�

incidence angles. If the MCP is rigidly-backed by a cavity of depth D, maximizing the absorption coefficient, aqD ¼
4rtr cosðqÞ f ½1þ rtr cosðqÞ�2 þ cot2ðk0D cosðqÞÞg�1, leads to

aq opt
D ¼ aq opt

1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2jsinðk0D cosðqÞÞj

q
(34)

with sinðk0D cosðqÞÞ replaced by sinðk0DÞ in case of a locally-reacting honeycomb-filled cavity.



Fig. 13. Influence of the load specific impedance, b, on the absorption (a), transmission (b) and dissipation (c) coefficients of a MCP whose specific transfer
resistance, ropttr;1 ¼ 2, is optimal under plane wave anechoic condition ( ); Also shown in (a) the locii of the absorption when the frequency varies from 160 Hz to
6600 Hz under a number of load impedances: rigid cavity of depth 24 mm ( ), open cavity of depth 72 mm with unflanged termination ( ) and
unbacked MCP with flanged ( ) and unflanged ( ) radiation conditions.
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These optimal values of the channel radii monotonically decrease when increasing q, except for a non-locally reacting
cavity where this is observed only when 0< k0D<p =2 ðmod pÞ. This confirms the trends seen in Fig. 5(b) and (c) for which
optimal MCP performance occur for values of Kn in slip-flow regime that increase with the incidence angle.
5. Conclusions

Theoretical and experimental studies have been carried out to analyse sound propagation through MCP narrow channels
in slip-flow regime, appropriate for large Knudsen numbers lower than 0.1. The ability of MCPs to dissipate the power due to
normal and oblique incident plane waves has been optimized and the sensitivity of their optimal performance has been
examined for a wide range of loading conditions, including unbacked and rigidly-backed configurations. The following
conclusions have been drawn:

(1) BecauseMCPs have a Knudsen number Kn usually comprised between 10�3 and 10�1, their viscous transfer impedance
and thermal admittance have been derived in the frame of the slip-flow regime. Theoretical modelling and FEM
simulations showed that, in the broad frequency range over which MCPs exhibit narrow channel behaviour (Sh< 1),
the dissipation is dominated by viscous effects and there is no thermal dissipation in the capillary channels. 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. But, for lower Kn and over a wide range of
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incidence angles (q<80�), the MCPs dissipation properties are well approximated by the continuum approach, up to a
factor Kn Sh2.

(2) Owing to their micrometric channels radius and high porosity, MCPs are pure resistive absorbers with constant
resistance andminute reactance over awide 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 up to k0R ¼ 1:84with a flat absorption plateau of 0.86 up to
k0R ¼ 0:3 under normal incidence. MCPs could thus be used as suitable low frequency anechoic terminations for
transmission tubes in the no-flow case and more generally as calibrated acoustic materials.

(3) Models and measurements showed that rigidly-backed MCPs are efficient wideband absorbers in the mid-high fre-
quency range under normal incidence, with a half-bandwidth spanning 12 octaves around k0R ¼ 0:9 for a 24mm cavity
depth. These absorbers can be critically-coupled by fine tuning of the MCP channels radius to achieve unity absorption
at the Helmholtz reduced frequency. But they still suffer from poor low-frequency performance. A hybridized device
made up of a parallel arrangement of backed and unbackedMCPswith equal surface proportion has been proposed that
achieves, in theory, wideband absorption that stays above 0.5 at low frequencies.

(4) Optimal MCP channels radius were derived under general incidence angle assuming anechoic or rigid backing. Under
normal incidence, MCPs optimal specific resistance ropttr; b was found to be highly sensitive to the load impedance b and
an exact relationship has been derived between these two quantities that can be used as a design chart. For instance, it
was shown that ropttr; b ¼ 2 under an ideal anechoic load (b ¼ 1) leading to a maximum dissipated power of 0.5. But ropttr; b
can reach higher values under more resistive and/or reactive loads, leading to an optimal input impedance and a
dissipation that only depend on the load reactance.

In summary, MCPs are suitable candidates as low-frequency broadband absorbers under a wide range of incidence angles.
Their constitutive parameters can be tailored to achieve a targeted absorption value. In particular, a weakly-dissipative
acoustically-transparent MCP could be designed to work as a thin anechoic termination in Kundt tubes at low frequencies.
Rigidly-baked MCPs could also be of interest as optimized locally-reacting wall treatments in flow ducts due to their cali-
brated acoustic resistance that should then match that of a Cremer-type impedance at a given frequency in order to ensure
maximum damping of the least attenuated duct mode [50]. Comparison of their performance against MPP liners would be
instructive, but it would deserve a proper study in the frame of guided-wave propagation theory in flow duct with the axial
attenuation per unit length as the relevant acoustical indicators. Finally, further study on the micro-capillaries hydrophobic
properties could assess their potential use as sound absorbers in underwater applications.
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