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ABSTRACT:
The impact of leakage on sound properties of open porosity 3D printed samples with a periodic microstructure is

investigated at normal and grazing incidence. For that, direct numerical simulations (DNS) accounting for leakage

are performed. In addition, an extension of the model proposed by Cummings [(1991). J. Sound Vib. 151, 63–75] is
developed to predict the surface impedance of a sample surrounded by an air space at normal impedance accounting

for dissipation in the leak. Experiments in a Kundt tube are performed for three series of 3D printed samples with

different external diameter. Overall, leakage is responsible for a shift of the absorption peak toward higher

frequencies and to an increase in its amplitude. Comparison of the measurements with the DNS and the extended

Cummings model shows that both approaches predict satisfactorily the impact of leakage on the absorption

coefficient. In addition, a duct wall configuration is studied for three geometries of 3D printed samples. DNS results

reveal that the impact of leakage on transmission loss varies significantly depending on the 3D printed sample unit

cell. Finally, discrepancies between the measured and predicted transmission loss are shown to be attributable to

leakage for two of the three geometries.VC 2025 Acoustical Society of America. https://doi.org/10.1121/10.0037074
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I. INTRODUCTION

Additive manufacturing allows for the realization of

shapes and devices that were previously impossible to

obtain with classic machining. It has been intensively used

for creating acoustic absorbers based on quarter-wavelength

coiling resonators (Almeida et al., 2021; Wang et al., 2018),
Helmholtz resonators (Guo et al., 2021; Duan et al., 2020;
Cavalieri et al., 2019; Al Jahdali and Wu, 2018), labyrin-

thine channels in microporous skeletons (Zieli�nski et al.,
2024), or open porosity devices (Boulvert et al., 2019;

Zieli�nski et al., 2020a, 2020b; Jamois et al., 2025). Acoustic
performance is generally assessed at normal incidence using

a Kundt tube in which the sample is inserted. It can also be

evaluated at grazing incidence for mufflers or for aeronauti-

cal applications, for instance. For that, the sample is

mounted at the surface of a duct (Boulvert et al., 2022a,
2022b; Oh and Jeaon, 2022) and often held in place by a

sample holder. Those techniques are widely used and robust

for characterizing foam and fibrous materials. Because these

materials are compressible, the size of the samples can be

made slightly larger than the allowed space in the tube or in

the sample holder while being easily mountable, preventing

from any leakage around the sample. However, as 3D

printed samples can hardly be compressed in comparison

with the previously cited materials, it is necessary to main-

tain a mechanical slack to adapt the sample to the bench. In

addition, the realization uncertainties of these 3D printing

techniques (Fusaro et al., 2023) can increase the difficulty to

match accurately the dimensions of the sample with those of

the testing bench. Moreover, the resonant geometries real-

ized with 3D printing techniques are very sensitive to these

defects. Strategies have been proposed to minimize the

slack, such as machining the sample with a lathe (Zieli�nski
et al., 2022) or using a laser cutting machine. However, a

small leakage inevitably remains. Different techniques are

then employed to fill the slack, such as using acoustic grease

around the sample, wrapping the sample in duct tape,

including an impervious coat in the printed sample, or cov-

ering the sample with a thin layer of a highly resistive

porous material.

While the negative effects of leakage on acoustic mea-

surements are well known, few studies have sought to quan-

tify its impact. Cummings (1991) proposed an analytical

model for the equivalent surface impedance of a porous

sample surrounded by a lossless air gap in a Kundt tube.

This analytical model applied to foams shows a slight shift

in the absorption coefficient toward higher frequencies due

to leakage. Kino and Ueno (2007) investigated impedance

tube measurements of undersized and oversized samples of

fibrous materials and concluded that the elastic behavior due

to the strain of an oversized sample had a more detrimental

effect on the measurement than leakage. Lee et al. (2013)
studied the effect of holes in Helmholtz and quarter–wave-

length resonators mounted on a duct wall using both experi-

ments and analytical models. Their findings reveal that

leakage tends to shift the transmission loss (TL) peak to

higher frequencies while reducing its amplitude.

This work aims to investigate the effect of leakage on

the acoustic performance measurement of open porosity 3Da)Email: alexis.jamois@ec-lyon.fr
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printed samples at normal and grazing incidence. For that,

experiments in a Kundt tube and in a duct bench are per-

formed and results are compared to direct numerical simula-

tions (DNS) and analytical models. In particular, for Kundt

tube configurations, an extension of the Cummings model

accounting for dissipation in the leak is proposed.

The paper is organized as follows. In Sec. II, the

geometry and the realization characteristics of the 3D

printed samples are presented. Section III describes the

analytical and numerical approaches to predict the effect

of leakage in an impedance tube. In Sec. IV, the results at

normal incidence are presented. Section V is devoted to

results at grazing incidence. Concluding remarks are given

in Sec. VI.

II. DESCRIPTION OF THE GEOMETRIES

Three geometries, based on the geometry considered

in the round robin study of Zieli�nski et al. (2020b), are
examined. They consist of a periodic microstructure of

cavities (spherical or cubic) linked to each other in the

three directions of space by small cylindrical channels.

A sketch of the unit cells is presented in Fig. 1. The design

dimensions of the unit cells for the three geometries are

given in Table I. The first two ones denoted OPC (one pore

cell) and OPCL (one pore cell large) have a spherical cav-

ity and the third one denoted cubic has a cubic cavity. As

indicated in Jamois et al. (2025), these geometries are

highly tortuous and, as a consequence, are very sensitive to

leakages.

Only the OPCL geometry is considered for Kundt tube

measurements in Sec. IV. The Kundt tube is circular with a

diameter dK¼ 29mm. For grazing incidence in Sec. V, a

sample of each geometry is printed with a length Lt of

150mm and a width lt of 66mm. For both the Kundt tube

and the duct bench, the thickness of the samples is 31.5mm

for the cubic and OPCL geometry and 32.5mm for the OPC

geometry. This leads to an odd number of half cells in the

thickness of the material. The faces at the two ends of the

material are thus different. The impact of these two different

surfaces on the acoustic properties of the samples is studied

in Jamois et al. (2025). This present work focuses on the

sample face showing open cavities. The samples are realized

with the stereolithography technique using a Form2 from

Formlabs with their Clear-04 resin and a printing resolution

of 0.025mm. A picture of the samples is shown in Fig. 2.

The study conditions are the same as described in Jamois

et al. (2025).

FIG. 1. Sketch of the two unit cells studied in this work with a (a) spherical

or (b) cubic cavity.

TABLE I. Characteristic dimensions of the unit cell for the three

geometries.

Designation Cavity a (mm) d (mm) w (mm)

OPC Spherical 5 4.5 2

OPCL Spherical 9 8 1.5

Cubic Cubic 9 8 1.5

FIG. 2. Picture of the three OPCL sam-

ple series for the Kundt tube [series A

in (a), series B in (b), and series C in

(c)] and of the (d) OPCL, (e) OPC, and

(f) cubic samples for duct bench.
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III. MODELING OF THE SAMPLE AND OF LEAKAGE
AT NORMAL INCIDENCE

A. Analytical model

1. Formulation

In the case of an impedance tube, Cummings (1991) has

proposed an analytical model to predict the effect of leakage

on the acoustic properties of a porous sample. Although the

model was originally developed for an anisotropic porous

material, we focus here solely on an isotropic material. The

leakage and the sample have a uniform cross section along

the tube, denoted by S1 and S2, respectively. The surface ratio
/l¼ S1/S2 is introduced. The porous sample is modeled by an

equivalent fluid with dynamic density qc and wavenumber kc.
The density and wavenumber of air in the leakage are

denoted qa and ka, respectively. We denote also by q0 and

k0¼x/c0 the density and wavenumber in lossless air with

x¼ 2pf the angular frequency and c0 the sound speed in air.

The wavenumber of the fundamental mode propagating in

the Kundt tube keff can then be determined, which allows the

effective properties of the sample to be computed.

Using the convention eixt, the surface impedance of the

porous sample with an air gap is given by the following:

Zs ¼ xqc
keff

cothðikeffLÞ
1þ �lðqc=qa � 1Þ (1)

with �l ¼ /l=ð1þ /lÞ and

keff ¼ kc
1þ /lk

2
aqc=ðk2cqaÞ

1þ /lqc=qa

" #1=2
: (2)

Cummings considers the air as a non-dissipative fluid,

i.e., ka¼ k0 and qa¼ q0. Actually, as the thickness of the air
gap around the sample is expected to be small (typically on

the order of the viscous and thermal boundary layer thick-

nesses), dissipative processes can be important. We propose

an extended model that accounts for thermoviscous losses in

the leak. For that, we use the slit model to determine the

dynamic density and compressibility of the air as follows:

qa ¼ q0 1� tanhð ffiffi
i

p
bÞffiffi

i
p

b

" #�1

(3)

Ka ¼ q0c
2
0 1þ ðc� 1Þ tanhð

ffiffiffiffiffiffi
iPr

p
bÞffiffiffiffiffiffi

iPr
p

b

" #�1

; (4)

and ka ¼ x
ffiffiffiffiffiffiffiffiffiffiffiffiffi
qa=Ka

p
. Pr is the Prandtl number set to 0.72 for

air. The parameter b is given by b ¼ ac
ffiffiffiffiffiffiffiffiffiffiffiffiffi
xq0=g

p
, with ac the

half-width of the slit and g the dynamic viscosity. We can

estimate ac by considering that the air gap corresponds to an

annulus of constant thickness e¼ 2ac around the sample

[see Fig. 3(a)]. The cross-sections of the air gap and of the

porous sample are thus equal to S1 ¼ p½d2K � ðdK � 4acÞ2�=4
and S2 ¼ pðdK � 4acÞ2=4. We deduce the following:

ac ¼ dK
4

1� 1ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ /l

p
 !

� dK/l

8
: (5)

Note that the leak impact in the extended Cummings

model depends on the ratio of the leak cross section to that

of the sample and also on the ratio of a characteristic size of

the leak to that of the viscous and thermal boundary layer

thicknesses through the parameter b. In contrast, the original

Cummings model only accounts for the surface ratio /l.

Furthermore, when the characteristic size of the leak is sig-

nificantly larger than the viscous and thermal boundary layer

thicknesses (b � 1), qa � q0 and Ka � q0c
2
0, reducing the

extended Cummings model to its original form.

2. Equivalent fluid model

For application of the Cummings model, the sample has

to be represented as an equivalent fluid. For materials with a

periodic microstructure, such as those considered in this work,

the parameters of the Johnson-Champoux-Allard-Pride-

Lafarge model can be determined from the unit cell. This

methodology, referred to as hybrid multiscale calculation,

requires to solve the Laplace, Stokes and Poisson problems in

the unit cell. To do so, we use the finite-element commercial

software COMSOL. The absorption coefficient calculated

with this methodology has been compared successfully to that

obtained by DNS for the three geometries considered in this

study. More details can be found in Jamois et al. (2025).

B. DNS

DNS consist of directly solving the mechanics equa-

tions in the material to deduce its acoustic properties. Due to

FIG. 3. Sketch of the leakage in the experimental impedance tube (a) and

the chosen configuration in the DNS (b).
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the realization technique, the skeleton can be considered as

rigid and without any porosity. As a consequence, it is suffi-

cient to solve in the pores of the material the full set of line-

arized Navier-Stokes (LNS) equations, that accounts for

thermoviscous effects.

Denoting by p, T, and v, the acoustic pressure, tempera-

ture, and velocity, the LNS equation of motion, the mass

conservation equation, and the heat conduction equation

read as follows:

ixq0v ¼ �rpþ g r2vþ 1

3
rðr � vÞ

� �
(6)

ix
p

p0
� T

T0

� �
þr � v ¼ 0 (7)

ixq0cpT ¼ jr2T þ ixp; (8)

where p0 and T0 are the ambient values of air pressure and

temperature, cp is its specific heat capacity at constant pres-

sure, and j is its thermal conductivity. At the fluid/structure

interface, a no-slip condition v¼ 0 and an isothermal condi-

tion T¼ 0 are applied.

DNS have a high computational cost due to the neces-

sity of meshing the acoustic boundary layers to accurately

account for thermoviscous losses. Due to the periodic micro-

stucture and to the symmetries of the unit cell, only a single

stack of cells along the impedance tube direction needs to

be considered, with meshing required for just a quarter of a

cell. This significantly reduces the computational cost of the

DNS. To model the leakage with DNS, a thin air-filled vol-

ume of thickness e0, in which the LNS equations are solved

as well, is added adjacent to the pores. Finally, the

Helmholtz equation is solved instead of LNS equations at a

sufficient distance from the sample, where thermoviscous

losses become negligible. The resulting impedance tube

configuration in the DNS is illustrated in Fig. 3(b). The

quarter of a cell can be observed in the acoustic propagation

plane with the leak near the spherical cavities. A cross sec-

tion of the tube is also shown, highlighting the surfaces cor-

responding to the sample and to the leak.

Simulations have been performed using the finite-

element commercial software COMSOL without leakage

and with leakage for five leak thicknesses e0 reported in

Table II. The finer the leak, the greater the computational

cost in terms of time and memory, as mesh continuity is

required. Thus, the mesh contains about 60 000 elements for

the configuration without leak and above 250 000 elements

for the smallest leak thickness. For the case without leak,

the computation takes 6.5 h on six compute nodes of 16

cores for 300 frequency steps. With the smallest leak thick-

ness, simulations are run on six compute nodes of 32 cores

and demand over 300GB of memory.

Since the full sample geometry is not considered in the

DNS, it is not possible to keep the same surface ratio /l and

same leak thickness as in the actual sample. Indeed, one has

/l ¼ S1=S2 � 4e=dK from Eq. (5) and /l ¼ S01=S
0
2 ¼ 2e0=a

in DNS. For comparison with the other models and measure-

ments, we choose to keep the same value of /l, which is the

most representative parameter for characterizing the prob-

lem. As a consequence, the leak thickness in the DNS is

slightly underestimated, as indicated in Table II.

IV. RESULTS AT NORMAL INCIDENCE

This section focuses on normal incidence for the OPCL

geometry only. A comparison of the three models account-

ing for leakage introduced in Sec. III is presented, along

with a parametric study on the impact of leakage. Then, the

acoustic absorption coefficients measured for 3D printed

samples with three different external diameters are reported

and are compared with the predicted absorption coefficients,

both with and without leakage.

A. Numerical study

Figure 4(a) displays the absorption coefficient of the

OPCL sample with and without leakage using the design

dimensions reported in Table I. The reference absorption

coefficient without leakage shows a single peak centered at

1200Hz with a maximum value of 0.83. The absorption

coefficients with leakage are obtained for a surface ratio

/l¼ 0.022 with the DNS, the Cummings model, and the

extended Cummings model. The DNS shows that the leak-

age is responsible for a shift of the absorption peak toward

higher frequencies with a maximum around 1350Hz. In

addition, the peak width significantly increases. Thus, the

peak width at half-height is 430Hz without leakage and

600Hz with leakage. Finally, the peak amplitude also

increases with a maximal value close to one with leakage.

The Cummings model gives a correct prediction of the peak

frequency but largely underestimates the peak amplitude.

The extended Cummings model, which accounts for the dis-

sipation in the leak, offers better agreement with DNS, espe-

cially for the peak amplitude, but yields a narrower peak.

Figure 4(b) presents the impact of the leakage on the

absorption coefficient, focusing on the amplitude and fre-

quency of the first absorption peak denoted by amax and fmax,

respectively. The reference DNS results show that a leakage

with a surface ratio as small as 0.2% leads to a significant

increase in the absorption coefficient. The maximum of

absorption coefficient remains close to one as /l increases,

but starts decreasing for /l> 2%. The frequency of the first

absorption peak first slightly decreases for /l< 1% and then

significantly increases with /l. Unlike DNS, the Cummings

model predicts a linear decrease in amax, considerably

underestimating the maximum absorption coefficient. It also

TABLE II. Correspondence between the leak thickness e0 used in DNS, the

surface ratio /l, and the equivalent leak thickness around the Kundt tube

sample e.

e0(mm) 0.01 0.05 0.075 0.1 0.2

/l 0.0022 0.0111 0.0167 0.022 0.044

e (mm) 0.016 0.080 0.12 0.16 0.32
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shows a continuous increase in the frequency of the first

absorption peak with /l. Finally, the extended Cummings

model, which accounts for dissipation in the leakage, pro-

vides a good match with DNS. In particular, it predicts the

same evolution of amax and fmax with /l as observed in

DNS. However, for small values of /l, amax increases more

gradually than in DNS. Additionally, the increase in the

peak frequency for /l> 2% is similar to that of the

Cummings model, evolving more slowly than in DNS.

B. Description of the experiments

Three processes are considered to make the samples fit

in the Kundt tube. We produced for each of these processes

a series of six OPCL samples to reduce the uncertainties due

to additive manufacturing. For the samples in series A, the

default calibration of the 3D printer was used, resulting in

an external diameter larger than that of the Kundt tube. The

samples were sanded by hand, which led to a loss of cylin-

dricity. For the series B, the 3D printer was carefully cali-

brated so that the external diameter of the samples almost

matches the Kundt tube diameter. Finally, the samples in the

series C were intentionally printed with a diameter larger

than that of the Kundt tube and were subsequently machined

using a lathe to achieve a tight fit in the Kundt tube.

Figure 5 presents the average external diameter of the

samples for each series determined using a calliper. The

samples in the series A have on average the smallest exter-

nal diameter, equal to 28.27mm. The average diameters for

the two other series are closer to that of the Kundt tube, with

28.81mm for series B and 28.91mm for series C. Lathe

machining offers the closest fit to the Kundt tube diameter

and also the least dispersion.

Note that the characteristic dimensions of 3D printed

samples may deviate from the design values. In addition, as

the printing procedure is different for each series, the char-

acteristic dimensions of the samples may also differ from

one series to another. In order to have accurate inputs for the

models, we measured the characteristic dimensions (sphere

and channel diameters) of the eight cells visible on both

bases of the cylindrical sample for all samples, using a

Mitutoyo PJ-A3000 profile projector (see Jamois et al.,
2023 for details). The average values per series were then

used to generate the geometry in the DNS and also to iden-

tify the parameters of the Johnson-Champoux-Allard-Pride-

Lafarge model in the hybrid multiscale calculation. They are

reported in Table III.

C. Comparison with experimental results

Figure 6 shows the absorption coefficient for each series

obtained by averaging those measured for the six samples.

FIG. 4. (a) Absorption coefficient for an OPCL sample with a leakage surface ratio /l¼ 0.022 obtained with DNS (red solid line), the Cummings model

(blue solid line), and the extended Cummings model (cyan solid line). The reference absorption coefficient without leakage is plotted in the red dashed line.

(b) Amplitude and frequency of the absorption coefficient peak as a function of the surface ratio /l for the three models accounting for the leak.

FIG. 5. Average external diameter of the samples for each series. The error

bar indicates the minimum and maximum external diameter. The dashed

line corresponds to the Kundt tube diameter.

TABLE III. Average characteristic dimensions of the unit cells for the three

sample series. The values are obtained from the six samples of each series.

Series d (mm) w (mm) e (mm) /l

A 8.14 1.34 0.36 0.052

B 8.01 1.31 0.10 0.013

C 7.99 1.18 0.05 0.007
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The absorption coefficients calculated using DNS with and

without leakage, the Cummings model, and the extended

Cummings model are also plotted. The values of e and

/l used in the models are indicated for each series in Table

III. Note that, for comparison with the models, the samples

were introduced in the Kundt tube as is, without duct tape or

any process to reduce leakage. First, let us compare the

experimental results and the DNS without leakage. For the

series A in Fig. 6(a), the measured absorption peak occurs at

a frequency more than 250Hz higher than predicted by DNS

without leakage, while its amplitude remains quite similar.

For the series B and C in Figs. 6(b) and 6(c), the difference

in the peak frequency is lower (around 100Hz). The peak

amplitude is in better agreement in the series C than in the

series B. These results are coherent with the reduction of

leakage in the series B and C compared to series A.

Let us now examine the models with leakage. For the

series A, all three models capture the shift of the absorption

peak toward higher frequencies, but this effect is exagger-

ated in the DNS. The difference in peak frequency between

the measurements and the DNS has yet to be explained. The

peak amplitude observed in the experiments aligns closely

with both the DNS and the extended Cummings model,

whereas the Cummings model tends to underestimate it.

Overall, the extended Cummings model exhibits excellent

agreement with the measurements. For the series B, both the

DNS and the extended Cummings model closely match the

measurements. However, the shift in the frequency peak is

more pronounced in the experiments than in the models.

Additionally, the Cummings model once again underesti-

mates the peak amplitude. For the series C, as the leak thick-

ness is small, the three models give close results and agree

well with the measurements. One can observe that the DNS

and the extended Cummings model predict a shift of the fre-

quency peak toward lower frequencies. This trend is not

observed in the measurements.

V. RESULTS AT GRAZING INCIDENCE

A. Description of the experiments

This section investigates the impact of leakage on TL

for a 3D printed liner at grazing incidence. To do so, we use

the MATISSE duct at LMFA with a cross section of

66mm� 66mm (see Sellen et al., 2006 for details). The

duct cut-off frequency is approximately 2.5 kHz, meaning

that only plane waves propagate below this frequency. Two

pairs of microphones are placed before and after the liner to

determine the TL [see Fig. 7(a)].

3D printed samples based on the three geometries intro-

duced in Sec. II were produced. They were mounted in a

sample holder placed at the surface of the duct. A particular

attention was paid to the design of the sample holder to

reduce leakage. At its interface with the duct, the holder fea-

tures a 3mm flange on which the sample rests to minimize

potential leaks along the sample edges. The sample was then

inserted by force in the holder. Finally, the holder cover was

pushed toward the sample using a screw-tightening system.

Despite the precautions taken, leakage can still occur at the

sides of the sample or at its back. Unlike in an impedance

tube, estimating the air space is not straightforward.

B. Description of the DNS

There is no analytical model in the literature to quantify

the effect of leakage around the samples on TL for duct wall

configurations. Consequently, we rely solely on DNS to pre-

dict the TL of the samples, both with and without leakage.

As for normal incidence, the full sample geometry is not

FIG. 6. Measured absorption coefficient averaged over the six samples per

series (black solid line) and obtained from DNS (red solid line), the

Cummings model (blue solid line), and the extended Cummings model

(cyan solid line) for series A in (a), series B in (b), and series C in (c). The

absorption coefficient without leakage obtained with DNS is plotted in the

red dashed line.
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considered to reduce the computational cost. Instead, due to

the periodic microstructure, a single layer of cells along the

duct axis is modeled; and due to symmetries, only half of a

cell is meshed. A leakage of thickness e0 is introduced on

the cavity side of the cells. To choose a relevant value for e0,
we assume that the air space surrounding the actual sample

has a constant thickness e, as illustrated in Fig. 7(b). We

choose to keep the same value of /l, i.e., the ratio of the air

gap surface to the sample surface, between the experiments

and the model. Due to meshing constraint, we are limited to

a minimum leak thickness e0 ¼ 0:1 mm, which results in

/l¼ 0.022, to ensure proper account of the dissipation in

this leakage. This value of /l corresponds to a leak thickness

e¼ 0.5mm all around the actual sample, which is of the cor-

rect order of magnitude but may be slightly overestimated.

Note that actually, the leak thickness is not uniform around

the sample, and the mechanisms at play are probably more

complicated than those modeled. DNS for the duct case are

extremely computationally demanding. Each simulation

involves over one million elements and is run on six com-

pute nodes of 32 cores, requiring more than 1 TB of

memory.

C. Comparison

TL is presented for the three geometries in Fig. 8. For

the OPCL sample in Fig. 8(a), the TL predicted by DNS

without leakage shows a single peak centered at 1250Hz

with an amplitude of 26 dB. In the experiments, the peak is

observed at the same frequency but is much more rounded

and reaches only 8 dB. Taking into account for leakage, the

DNS provide a close match with the experiments. In this

case, the reduction in TL is satisfactorily explained by leak-

age. For the OPC sample in Fig. 8(b), the TL predicted by

DNS has two peaks close to 1800Hz and a third peak at

2300Hz. While the experiments are overall in good agree-

ment with the DNS, the peak at 1900Hz is not observed in

the measured TL. The leakage in the DNS tends to reduce

the TL and smooth its evolution with frequency. Even if the

impact of leakage is overestimated in the DNS, it appears to

account for the suppression of the peak at 1900Hz in the

experiments. Finally, the TL given by DNS for the cubic

geometry in Fig. 8(c) presents a single peak centered at

1000Hz and with amplitude of 18 dB. The measured TL is

very similar, but the peak amplitude reaches almost 45 dB.

Taking into account for leakage in the DNS results in a

slight increase in the peak amplitude, reaching up to 20 dB.

However, it does not reproduce the significantly higher peak

amplitude observed in the experiments. Additional simula-

tions (presented in the Appendix) indicate that increasing

the leakage thickness shifts the TL peak toward higher fre-

quencies but does not lead to a further increase in peak

amplitude. For this configuration, leakage does not seem to

be the primary factor responsible for the discrepancies

between numerical simulations and measurements. The dif-

ferences in peak amplitude remain unexplained.

VI. CONCLUSION

This study has investigated the impact of leakage on the

acoustic property measurements of 3D printed samples with

periodic microstructure and open porosity. To this end, both

DNS and analytical models were employed. In particular, an

FIG. 7. (a) Sketch of the MATISSE duct for TL measurement. (b) Sketch

illustrating the equivalent leak thickness in the DNS.

FIG. 8. TL for (a) OPCL, (b) OPC, and (c) cubic samples obtained with

experiments (black solid line) and determined by DNS (red dashed line)

without leak and (red solid line) with a leak with /l¼ 0.022.
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extension of the Cummings model was developed to deter-

mine the surface impedance of the sample in a Kundt tube,

incorporating thermoviscous losses in the air leak. At nor-

mal incidence, a parametric study for a specific unit cell

geometry showed that leakage leads to an increase in the

absorption coefficient when the size of the leakage is small

compared to that of the sample and then to a reduction when

the size of the leakage is sufficiently large. Overall, the peak

frequency tends to increase with the leak size. Experiments

were then conducted on 3D printed samples in a Kundt tube

using three procedures to ensure sealing, resulting in differ-

ent external diameters. Both the extended Cummings model

and the DNS were able to explain the impact of leakage on

the measured absorption coefficient. Finally, the study

focused on the grazing incidence case. Three samples with

different unit cells were mounted in the wall of a duct. DNS

showed that the leakage impact is very dependent on the

sample considered: it can lead to a decrease or an increase

in the TL, or even modify the global acoustic behavior.

Comparison with measurements showed that leakage could

explain the difference between the measured and the pre-

dicted TL for two of the three samples.
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APPENDIX

In this appendix, additional results are presented regard-

ing the effect of leakage thickness for the duct wall configu-

ration (see Sec. VC). As a complement to Fig. 8, Fig. 9

shows the TL computed using DNS for several values of

/l and for the three material geometries. For the OPCL

geometry in Fig. 9(a), we again find that leakage signifi-

cantly reduces the peak amplitude. Moreover, increasing

/l leads to a shift of the peak toward higher frequencies,

while the peak amplitude remains nearly constant, ranging

between 8 and 10 dB. For the OPC geometry in Fig. 9(b),

we observe that for a thinner leak (/l¼ 0.011) than that con-

sidered in Fig. 8(b) the third peak at 2200Hz remains

noticeable, while the second peak at 1900Hz is already

smoothed out. Thus, the TL computed with /l¼ 0.011

shows better overall agreement with the measurements than

that obtained with /l¼ 0.022. Finally, for the cubic geome-

try in Fig. 9(c), as for the OPCL geometry, the TL peak is

shifted toward higher frequencies by increasing /l, with

only minor changes in amplitude compared to the configura-

tion without leakage.
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