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The micro-geometry of porous material is responsible fisd@und absorption performance
and should be now a design objective. Microstructural daten of parameters and/or char-
acteristic functions for acoustical models of porous makemwith rigid frame requires the
so-called Representative Volume Elements, that is, ysaables which should contain several
pores or fibres of typical sizes and distribution. The desigguch RVESs, which correctly rep-
resent a typical micro-geometry of porous medium, is by namsen easy task since usually
the RVE should be also periodic and ‘isotropic’ (identicathwrespect to the three mutually-
perpendicular directions). The task is simpler in case oftivnensional microscopic models
of some fibrous materials, but such modelling is obvioustheaapproximative. Designs
of periodic RVEs for porous foams and fibrous materials wdlgresented and used by FE
analyses of microstructural problems defined by the apgdicaof the Multiscale Asymp-
totic Method to the problem of sound propagation and abgorph porous media with rigid
skeleton. Moreover, a methodology of automatic generatfgperiodic RVEs with random
arrangement of pores based on a simple bubble dynamics eviéixplained. Among other
examples, designs of RVE cubes representative for a carmaretramic foam with porosity
90% will be shown and serve for microstructural calculanbsome macroscopic parameters
used in advanced acoustical modelling of porous media. Thees of acoustic impedance
and absorption measured in the frequency range from 500 ztkHz for two samples of
the corrundum foam will be presented. These measuremelitsemised for inverse identi-
fication of relevant macroscopic parameters, namely: thedsity, the viscous and thermal
permeabilities, and two characteristic lengths. The coecge of some results obtained by
the RVE-based micro-scale calculation and the measurebasatd macro-scale identification
will be shown.
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1. Microstructural calculations and macroscopic paramete rs

Sound propagation in a porous material with rigid frame apelnoporosity can be very effec-
tively modelled using the Helmholtz equation for time-hamt acoustics with the porous material
treated as an effective fluid resulting from the combinegbprties of the fluid in pores and the micro-
geometry of rigid skeleton. Itis, in general, a dispersivedinm characterized by the effective speed

of sound:
Ceff(w) - \l Qeff(w) 1)

which depends on the effective frequency-dependent bultuhig K¢ and densityoer (w is the
angular frequency). Following the advanced modelling tbgped by many authors, these complex
and frequency-dependent functions are expressed as &llow

Kanlw) = — . oun(w) = o) @
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whereF, is the ambient mean pressupg,is the density of fluid in pores (usually, the air) ant the
ratio of specific heats for pore-fluid, whereas- a(w) anda’ = o/(w) are the frequency-dependent
characteristic functions for the porous medium. The firg igrthe (dynamic) viscous tortuosity func-
tion which accounts for the visco-inertial interactionstlod fluid in pores with the skeleton. These
interactions make the effective fluid ‘heavier’ than thegsfiuid, so that the tortuosity function is
always greater than 1. The second characteristic funcéi@athermal analogue of tortuosity. In-
stead of tortuosity functions the frequency-dependenmnpability functions can be used, namely,
the dynamic viscous permeability= k(w) and its thermal analogug = k'(w); the corresponding
tortuosity and permeability functions are related as fefio

= @(/{;(w))_l, o (w) = ﬂ(l{?l(w))_l> (3)
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wherev is the kinematic viscosity of pore-fluid anglis the porosity of porous medium. Unlike
the tortusoity functions, the permeabilities do not dependhe pore-fluid but only on the micro-
geometry of porous medium. One should also notice that ie casnisotropic porous materials,
the dynamic viscous permeability and tortuosity will be @&t-order tensors, while their thermal
analogues should always remain scalars.

Application of the Multiscale Asymptotic Method (MAM) to éwery problem of sound prop-
agation in a rigid porous mediufm eventually leads to two uncoupled micro-scale Boundaryd/a
Problems (BVPs), namely:

e a harmonic, viscous, incompressible flow with no-slip bamydconditions on the skeleton
walls, driven in the specified direction by the pressure igratdof unit amplitude, uniform in
the whole fluid domain,

e a harmonic heat transfer (thermal flow) with isothermal loang conditions on the skeleton
walls, and the uniform source of unit amplitude in the whaledfldomain.

Both problems are defined on the fluid domain of a periodic Bsgrtative Volume Element (RVE) of
the porous medium. Each of the micro-scale problems carahsformed into its re-scaled analogue
where the flow velocity field in the first case, and the tempeedield in the second case, are replaced
by the fields of viscous and thermal permeability, respebtivThe problems are uncoupled so they
can be separately solved at some computational frequerttyhanobtained permeability fields are
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then averaged over the fluid domain, which yields the valfi@soous and thermal permeability for
this particular frequency.

Instead of calculating the permeability and tortuositydiimns by solving the micro-scale BVPs
at each of the computational frequencies, they can be detednsing the formulas of the Johnson-
Allard model! To this end, the following macroscopic parameters (glgbetiaracterizing the ge-
ometry of porous material) must be known: the global poyositthe tortuositya,,, the viscous
permeabilityk,, the thermal permeability, and two characteristic lengths — for viscous fordes
and for thermal effectd’. These parameters can be in fact measured experimentatheycan be
calculated from the microstructure. For example, the iStatscous and thermal permeability pa-
rametersk, andk, are static flow permeabilities obtained from the relevéaticmicro-scale BVPs,
that is, whenv = 0.

2. Randomly-generated periodic cells for open-cell foams

In order to calculate the permeability functions or the paters for the Johnson-Allard model
one needs a small periodic cubic cell with a piece of skelétold frame) inside. Such a cell must be
representative for the (macroscopically homogeneous)ysanedium to constitute its Representative
Volume Element (RVE). Porous materials are usually notleegan the micro-scale level though their
micro-geometry can be rather well described by some gladoalmpeters like porosity, generic charac-
teristics like typical shape of pores or fibres, and soméssitzd! data like, for example, typical sizes
of pores and windows linking the pores in case of foams, diclsize of fibres and distances be-
tween them in case of fibrous materials. Therefore, it seeasonable that RVEs may be constructed
is a random way basing on some typical statistics of realymonoedia they tend to represent.

A comparatively simple random method of generation of Ruit§dams with spherical pores
is proposed here. The method relies on dynamics of sphéxitddles which move and bounce each
other while the cubic cell of RVE decrease its size. The beblohay freely pass the walls of the
cube yet the whole setup is periodic so they at once appeartfie other side. (as a matter of fact
each bubble is in fact an ensemble of eight identical buld#és corners of a cube with edge equal
to the current edge-length of RVE cell). The bubbles diamsetbould be chosen to be consistent
with the statistics of the real foam. There is also a penetrgtarameter which states how much the
bubbles may penetrate each other; this parameter togeithethe assumed bubble sizes must yield
typical sizes of windows linking the pores which are knowmidhe foam statistics. Figure 1 depicts
the idea in 2D, showing some periodic arrangements of maviraples in a few frames of motion
(the solid square shows the boundary of periodic cell andi#shed circles inside the bubbles mark
the maximal range of penetration). The whole procedure eastdpped when the global porosity is
reached or when the size of the RVE cube cannot be decreased.

e

Figure 1. Periodic arrangements of moving bubbles

Figure 2 presents a periodic RVE (with five pores of varioage)srandomly-generated for an
open-cell foam with global porosity equal to 70%. It shows final arrangement of bubbles (pores),
the solid skeleton, and a finite-element mesh of fluid donsime geometric data is given in Table 1.
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Figure 2. Randomly-generated periodic RVE of an open-cell porousfedth porosity 70%: bubbles (pores)
and the RVE cube, the skeleton (frame), and a FE mesh of fluithdo

Table 1. Geometric data of the randomly-generated periodic RVE jpamecell foam of porosity 70%

Porosity:70% \ Number of pores in RVE5
Ratio of the pore-diameters to the RVE edge-length:
0.4948 0.6263 0.6301 0.6618 0.77p1
Pore-diameters [mm] for the assumed RVE edge-lengthsdb9 mm:
0.2553 0.3231 0.3251 0.3414 0.400p4
| Volume [mn¥] of | RVE: 0.1373| frame: 0.0412 pores: 0.0961

A 52454%x107°

= 62.454

= 47927

18.872

4.3452
¥ 4.3452x107°

Figure 3. Thermal permeability field [A] for the randomly-generated RVE of open-cell porosity 70%

The finite-element mesh was used to solve the scaled heafdrgmroblem at the micro-scale for
the unit source in the whole fluid domain — the solution (arr@rpermeability field) is shown in
Fig. 3; it was averaged over the fluid domain to yield the patamof thermal permeabilityt, =

1.65 x 1072 m?. The thermal characteristic length was calculated as tte oéthe fluid domain
volume to the doubled surface of pores and eqiials 0.138 mm.
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3. Regular periodic cells for fibrous and open-cell porous ma terials

Figure 4 presents a periodic RVE constructed for a fibrougn@twith porosity of 97%. The
edge-length of RVE is 0.2 mm and it contains four fibres: onnwiameter 0.024 mm, two with
diameter 0.020 mm, and one with diameter 0.018 mm. The feléeent mesh shown also in Fig. 4
was used to solve the static viscous incompressible flowl@nolfor rather its re-scaled analogue)
driven by the unit vector of pressure gradient in thedirection. The solution, that is, the field of
viscous permeability in that direction, is shown Fig. 5; fieéd was averaged over the fluid domain
in order to determine the static permeability tensor conepairk, 1; = 1.43 x 1079 m*,

Figure 4. Regular periodic RVE containing four fibres and its FE meshafbbrous material with
porosity 97%
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Figure5. Viscous permeability field [f for the regular RVE of fibrous material with porosity 97%

Figure 6 presents a periodic RVE constructed for an opdrfezeh with porosity of 90%. This
regular RVE is not only periodic but also identical with respto the three mutually perpendicular
directions; therefore, the viscous flow should be idenficakach of these directions which renders
the viscous permeability isotropic. The RVE was scaled st itis edge length is 0.8 mm and it
contains eight pores: one internal pore (diameter 0.592,timge face pores (diameter 0.368 mm),
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Figure 6. Regular RVE for an open-cell porous foam with porosity 90UbMtdes (pores), skeleton (frame),
and a FE mesh of fluid domain
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Figure 7. Viscous permeability field [] for the regular RVE of open-cell foam with porosity 90%

three edge pores (diameter 0.544 mm), and one corner paradtkér 0.640 mm). The solid skeleton
as well as a finite-element mesh of the fluid domain are alstehin Fig. 6. The FE mesh was used
to find the viscous permeability field — see Fig. 7, and evaélyfubhe parameter of static permeability
ko = 7.50 x 1071 m?.

4. Acoustic absorption and inverse identification of macros copic pa-
rameters of a porous ceramic material

Figure 8 shows the microstructure of corrundumy,(@y) ceramics with porosity 90% and two
cylindrical samples made of it. Statistical data for thistenial can be found in work by Potoczék.
Both samples have the same diameter of 29 mm and they onér difheight, namely, for the first
sample it ish; = 18 mm and for the second orig = 24 mm. Both samples were measured in the
so-called impedance tube in order to determine their maopes acoustical characteristics, namely,
the acoustic impedance and absorption coefficient (se@J;im the frequency range from 500 Hz to
6.4 kHz. Then, two curves (i.e., the real and imaginary pdricoustic impedance for the first sample
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Figure 8. Microstructuré and two samples of porous corrundum ceramics with poro§itg 9

Table 2. The initial and identified values of model parameters (awmd ttatio) for corrundum ceramics of

porosity 90%

Parameter Symbol| Unit | Initial value | Identified value| Ratio
tortuosity |  a — | 2.0000e+00Q 1.5149e+000| 0.76

viscous permeability kg m? | 4.3456e-010 7.1304e-010 | 1.64
thermal permeability & m? | 3.0603e-009 8.3739e-009 | 2.74
viscous char. length A m | 8.7895e-005 6.2392e-005 | 0.71
thermal char. length A’ m | 1.1662e-004| 2.7323e-004 | 2.34
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Figure 9. Acoustic absorption of both samples of corrundum ceramitts porosity 90%: the results of
measurements and calculations using the Johnson-Alladimath the identified parameters given in Table 2

served for the inverse identification procedure — propogegidlinski® — which allowed to determine

five missing macroscopic parameters for Johnson-Allardehdbe directly and precisely specified
(measured) porosity parameter of 90% was assumed to be kiAdwrexperimental curves obtained
for the second sample served only for verification purpo$hs.initial and identified values of these
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parameters are given in Table 2. One should notice that @mgifebd viscous permeability parameter,
ko = 7.13 x 10719 m?, is similar with the valuer.50 x 107! m? found from the microstructural
analysis described in the previous section. This FE arslysed the RVE (see Fig. 6) scaled so that
the main window linking the pores was similar with the averaglue found by Potoczek for this
ceramic materiaft.

The parameter of porosity together with the five identifiedapeeters were used to calculate
the curves of acoustic impedance and absorption coeffifiiemt the Johnson-Allard model. These
curves proved to be in a very good agreement with the corneBpg experimental curves obtained
for both samples — as can be seen in Fig. 9 which comparessiiésref modelling and measurements
for the absorption coefficient.

5. Conclusions

A procedure of automatic generation of periodic cells wihdom arrangement of pores (ded-
icated for foams with spherical pores) was demonstrategbth@r with some regular designs of pe-
riodic cells for fibrous and open-cell porous materials. Ppheposed examples of Representative
Volume Elements served for microstructural, finite-eletreaiculations of viscous and thermal per-
meabilities — two important parameters used in modellingpaind propagation in porous media. The
FE analyses gave very reasonable results. Moreover, theudpermeability parameter calculated
for the specifically designed and scaled RVE dedicated fapam-cell corrundum ceramic foam with
porosity 90% appeared to be similar with the value found ftheinverse identification procedure
using some of the curves of acoustic impedance and absomstigerimentally determined for two
samples manufactured from the very ceramics.

Acknowledgements

Financial support of Structural Funds in the OperationalgPamme — Innovative Economy
(IE OP) financed from the European Regional Development FuRtbject “Modern Material Tech-
nologies in Aerospace Industry” (No. POIG.01.01.02-06/08) is gratefully acknowledged. The
author also wishes to express his sincere gratitude to DrelRotoczek from Rzeszow University
of Technology for providing the material for the samples ofqus ceramics used in the experimental
tests.

REFERENCES

LAllard, J. F., and Atalla, N.Propagation of Sound in Porous Media: Modelling Sound Absorbing
Materials, Second Edition, Wiley, (2009).

2 Perrot, C., Chevillotte, F., and Panneton, R. “Bottom-uprapch for microstructure optimization
of sound absorbing materials]. Acoust. Soc. Am., 124(2), 940-948, (2008).

3Lee, C.-Y., Leamy, M. J., and Nadler, J. H. “Acoustic absiamptalculation in irreducible porous
media: A unified computational approachJ..Acoust. Soc. Am., 126(4), 1862—-1870, (2009).

4Potoczek, M. “Gelcasting of alumina foams using agarosetiemis”. Ceram. Int., 34, 661-667,
(2008).

5Zielinski, T. G. “Inverse identification and microscopictiesation of parameters for models of
sound absorption in porous ceramics”. Rroceedings of: 1SMA2012 International Conference on
Noise and Vibration Engineering, USD2012 International Conference on Uncertainty in Structural
Dynamics, 95-108, (2012).

ICSV20, Bangkok, Thailand, July 7-11, 2013 8



