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ABSTRACT

The numerical formulations used for the modelind dasign of sound absorbing materials are
constructed based on a set of physical paramddeosyn as the Biot's parameters (for isotropic
materials these are comprised of 5 non-acoustiaednpeters and 4 mechanical parameters).
These parameters are inter-correlated and are sticobure-dependent. There is in consequence
a need for the development of links between thikileglstructure of the foams and the Biot's
parameters before realistically using these madoelsaterial-level optimization. In this sense, a
microstructure-based model has been developed hyr&xet al. [J. Appl. Phys. 110, 064901
(2011)] to link the microstructure (thickness aaddth of struts and the closed windows content)
of polyurethane (PU) foams to their non-acoustpaiameters. In this study, this model is first
extended to add the link between the microstrucamae the mechanical properties of the foam.
Next, a global sensitivity analysis using Fourien@litude Sensitivity Test (FAST) is performed
to investigate the impact of the variability, agated with the irregularities in microstructure, on
the sound absorption and transmission loss (TLjheffoam when combined with an elastic
structure.

1 INTRODUCTION
Propagation of waves in elastic porous media, pajymeric foams, is described by Biot-
Allard's theory. Two classes of characteristic parameters areeueénl describe the porous
media in Biot-Allard model. First, non-acoustic gaueters: porosityd(), thermal characteristic
length (\"), viscous characteristic lengtiA)( flow resistivity @), and tortuosity ¢) which are
used in Johnson-Champoux-Allard (JCA) semi-phenarogical model. Second, effective
mechanical parameters, wherein the case of isatropaterial, are: bulk densitypy) the
effective Young's modulu€(), loss factorqf), and Poisson coefficient). It is well known that
the mechanical and non-acoustical properties dreremtly dependent on the microstructure.
Hence, a clear understanding of the correlatiorwéen the microstructure and acoustical
behavior of the foam is of great importance indlksign and optimization of such foams.

The internal structure of most porous material tt® complicated to be studied
quantitatively. Fig. 1a, and Fig. 1b give insigitb a lattice of PU foams by using, respectively,
a scanning electron microscope (SEM), and microgded tomographyuCT). The images
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show that the lattice of PU foams with low relatidensity p,) can be idealized by a
tetrakaidecahedral, repeating unit cell (Fig. Mddelling a lattice in finite element (FE) using
solid elements is computationally expensive. Thaegfas shown in Fig. 1d, a unit cell will be
considered in FE analysis of this study.

Figure 1. Lattice of PU foams; (a) SEM photo. (b) X-Ray micro-tomography. (c) Idealized repeated unit cell. (d)
Idealized unit cell.

To enhance the vibro-acoustical performance obgastic materials, a poroelastic micro-
macro model to predict vibro-acoustic performantéhe foam is of the utmost importance. In
this sense, a microstructure-based model has beesloped by Doutrest. al** to link the
microstructures (thickness and length of strutsl, e closed windows content) of polyurethane
foams to their non-acoustical parameters of Bidawl model. Gonget. al* and Jancgt. al®
developed analytically micro-macro correlations foeechanical properties of fully reticulated
PU foams, considering all deformation mechanisnagi-umiformity in distributed mass along
the strut with plateau border cross section, akohgainto account the accumulated mass at the
vertices. The effect of closed windows content ba ¢ffective Young's modulus of PU was
studied by Hoangt. al®. But, this effect hasn't been integrated in théstixgy micro-macro
correlations.

The objective of this study is to add the effectlosed windows content into the micro-
macro model presented by Gong and Jang. Then,ankiced with the model of Doutres al?
perform a global sensitivity analysis to study #ffect of Biot-Allard parameters on the sound
absorption, and a transmission loss problem. lnyatst how the variability in the microstructure
of the PU foams affects first, the Biot-Allard pareters, and second the vibro-acoustic behavior
of the foam using the FAST method. The FAST metisoohe of the global sensitivity analysis
(SA) techniques that is known as variance-basechaddt®. What makes FAST method
computationally efficient is exploring the multidemsional space of inputs by a search curve.
The FAST method is an efficient technique to stady only the main effect (also named first
order term (SI)), but also to compute the so-caitedl sensitivity index (TSI) after the extended
FAST presented by Saltélli Note that the FAST method already was used fioeléhe indexes
for acoustic and poroelastic applicafioh. This paper is structured as follows. In Sectiothe
effect of membrane closing the windows of unit dslladded numerically into micro-macro
model presented for foams with fully opened window#en, in Section3 the already
developed micro-macro relations associated to non-acouspicaperties are represented. The
FAST method is presented in SecttrFinally results are discussed in Secton
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2 IMPACT OF CLOSED PORE CONTENT ON THE EFFECTIVE YOUN G'S

MODULUS
As mentioned before, the analytical model presebte@ong and Jafg is selected here as a
basis for adding, using a numerical analysis, tfeceof closed windows content. This model is
selected since, in addition to adding the effechaf-uniformity in the thickness of struts, and
accumulated mass at the vertices, all types ofrdeftions are considered. This is performed in
three steps: in the first step, the numerical modlal fully reticulated tetrakaidecahedral unit cel
is validated by the Gong and Jang's model for enfedth ¢ = 94 %. In this study, reticulation
rate is defined as the ratio of the area of thenapmdows to the area of all windows of a 3-
dimensional unit cell used for numerical modelihg.this work, we consider two ways of
closing the windows: (1) a binary closure as shawhig. 2a (the windows are either fully open
or fully closed§? (2) a partial closure as shown in Fig. 2b (the&udation rate is defined by an
opening ratio as done by Hoaeg al °. Binary reticulation may cause anisotropy in tled.c
Therefore, the effective Young's modulus shouldiberaged over different directions, which is
computationally expensive. In the second stepnthmbranes closing the windows are added in
the numerical model of unit cell. Periodic boundeoynditions (PBC) are imposed to the unit cell
which is subjected to compression. In the fingbstbee effective Young's modulus is determined
by averaging over principal directions.

Figure 2: Methods used to create different reticulation rate. (a) Binary reticulated window %3, (b) Removing the
same ratio of the surface of all membranes®.

To modify the micro-macro model presented by Gand Jang, with the impact of the
reticulation rate, the tetrakaidecahedral unitscelith different reticulation rate (fromk,, =
14% to R,, = 100%) were considered. The FE models are solved in Abd&yl4-2-(Dassault
Systemes). The windows are reticulated partiallg bmary. The membranes are modeled by
using shell elements (linear quadrilateral S4RYl #he struts and vertices modeled using solid
elements (quadratic tetrahedron, type C3D10). Tmose the PBC, the mesh patterns on the left,
bottom, and front sides are copied to the right, ind rear sides of the unit cell respectively.
This study is limited to the mechanical propertidsconstituent material measured by Gong
(density p; = 1190 kg/m3, Elastic modulusE; = 69 x 10° (Pa), and Poisson's ratio =
0.49). The effective Young's modulus is calculated ddferent reticulation rates using either
binary and proportional reticulation method. Theeraged thickness of the membrane is
estimated as,, = 2.1 + 0.25 (um) using SEM photos. Numerical results show thatyfull
reticulated R,, = 1) PU foams have the minimum relative Young's moslutuagreement with
Gong and Jang's micro-macro mod&l*/E,)rn=1.- The effects of reticulation rate and
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membrane thickness are added to this model byditi curve to numerical tests whére5 <
R, < 1:

*

(), -oamne ()

S” Rw S’ Rw=1

whereCz = 0.0017.

3 IMPACT OF CLOSED PORE CONTENT ON NON-ACOUSTICAL PAR AMETER

As mentioned before, the 3-parameter micro-macrdehpresented by Doutres al? is used in
this work to correlate the microstructure of fldeil®U foams to the non-acoustic properties of
JCA's modél The two geometrical parameters (porosity anchiiaétength) are:

2

¢=1—CSG), (2)
1_t2(2\/§—n)
A = slg V2 — 3)
1+2\/§—Rw<1+2\/§—4nm>

where Cf = (2\/5—% )for struts with plateau border cross section shdjpe generalized
expression for flow resistivity is defined?as

t 2 1 1.1166
o = (cs) (7o) @
w

where,C? = 3m/8v2, CF = 1287, and ) is dynamic air viscosityn(= 1.85 x 1075 Pa s).
Finally the viscous characteristic length and tréubsity are, respectively:

—0.6367

A = %(i) , (5)
oy = 1.05 (R—)Olgsoz. (6)

These micro-macro relations together with the medimodel presented in Equation 1 are used,
in the next sections, to investigate the effectarfability in microstructure of PU foams on the
Biot-Allard parameters, and the impact on the scalgbrption and TL problem.

4 GLOBAL SENSITIVITY ANALYSIS: THE FAST METHOD

The contribution of input parameters on the outputjariance based techniques, is investigated
by quantifying the impact of input variation on thetput variance. A global sensitivity analysis
method is used to determine the output sensitwitgn the inputs vary over wide ranges. FAST
is an efficient technique to explore the n-dimenalospace of inputs using a searching curve,
and to avoid the evaluation of n-dimensional inségyifor the computation of functiong;X
involved in the decompositiSNFAST is used to estimate tl§é(i) (which is the main effect of
parameter), and to calculate thBST which measures the total effect of inglitand is defined
as the sum of all SIs. For example, the total eéfeégarameter A on the output in a 3-inputs
(A, B andC) model is:TSI(A) = SI(A) + SI(AB) + SI(AC) + SI(ABC), where theSI(AX) is

the second order Sl for parameteandX whenA # X. For more information the readers are
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referred to referencE® The ratio of standard deviation to the mean ofpoy namely
Normalized Standard Deviation (NSD) is used to rajize the indexées.

5 RESULTS

5.1 Impact of Microstructure Variability on Macrosc opic Parameters

The impact of microstructure variability associateih the irregularities of microstructure on
the effective Young's modulus and non-acousticabipaters are first investigated using the
micro-macro models, and the FAST method introdutedrevious sections. Two foams,
representative of real PU foams, are studied. Bingeas of variation of their micro-structural
properties are given in Table 1. The variabilitythe microstructure of the first and the second
foam is set tal0%, V1 is considered as highly reticulated foams,levhv2 has low content of
opened windows. The results are shown in Fig. 3. dbserved that the length of strut has more
impact than thickness of strut on flow resistivitiscous and thermal characteristic lengths of all
materials. However, length and thickness of stnaige the same effect on mechanical properties,
porosity, and effective density. In the case ohfoaith high close pore contents, the reticulation
rate is a key parameter for the air flow resisyivéind viscous characteristic length.

Table 1: Microstructure properties for two matesial

Foam t x 10°(m) Ix10°%(m) R, (%)
Inferior limit | Superior limit | Inferior limit | Supeor limit | Inferior limit | Superior limit
V1 51.3 62.7 157.9 192.5 70 90
V2 51.3 62.7 157.9 192.5 10 30

In the next sections, first the impact of Biot-Atlgparameters, for a wide range of PU foams, on
two vibro-acoustic performance indicators is stddi@hen, the effect of variability in

microstructures of two PU foams on the sound alt&or@nd the transmission loss of the foam
when combined with an elastic structure are inges#id.
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Figure 3: The effect of microstructure variability on macroscopic parameters for: (a) Materia V1, and (b) Material
V2 (Table 1).

5.2 Impact of Biot-Allard parameters variability on the sound absorption and TL
The first acoustic performance indicator of intéieghe sound absorption coefficient at normal
incidence. The laterally infinite poroelastic m&eérof thickness .05 (m)) is backed by an
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impervious rigid wall (see Fig. 4). The sound apsion is derived from reflection coefficient

(r):

r= (Zs(w) — po o)
(Zs(w) +po co)

where £) is the impedance at the surface, apnis sound speed in air. The surface impedance
is calculated using transfer matrix method (TMMjirst, a global sensitivity analysis is done to

investigate the impact of Biot-Allard parameterstbe sound absorption. Hence, a set of PU
foams, compatible with the presented micro-macralehois considered. Their properties are

listed in Table 2. Figure 4a presents the sensitiresults, while Fig. 4b presents the sound

absorption curve with its minimum, maximum, anchdad deviation envelops. As expected the

flow resistivity has more effect on the absorptaow frequencies, while mechanical properties

are key parameters at the frame-born resonancesrdvame-quarter of acoustic wave length is

equal to the foam thickness). The effect of toriyomcreases as reaching to the maximum

sound absorption. These results are in agreeménmth results presented by OuiSse

Table 2: Input parameters for Bio-Allard model (@idinge)

a(w) =1 - r(w)]?, (7)

Parameters Variable Inferior limit Superior limit
Porosity ¢ (5) 0.95 0.98
Flow resistivity o(Nsm™) 5,000 40,000
Tortuosity Ao (=) 1.05 2.00
Viscous characteristic length A(m) 0.041 x 1073 0.205 x 1073
Thermal characteristic length A (m) 0.190 x 1073 0.319 x 1073
Elastic modulus E (kPa) 320 480
Poisson ratio v(-) 0.3 0.4
Density ps(kgm™3) 22 27
Loss factor n (=) 0.10 0.15
(@) (b)
T T T 1 1 \//
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Figure 4: (a) The impact of Biot-Allard parameter variations on the sound absorption coefficient. (b) Minimum,
maximum, and standard deviation for the sound gtieor coefficient.

Then, a global sensitivity analysis is done onTtheavhen the foam is attached to an elastic
structure. As shown in Fig. 5b, it is assumed that porous layer is laterally infinite, and is
placed on an isotropic third.004(m)) Aluminum (Al) plate. Thickness of the porous laye
0.05 (m), and the properties are the same as listédble 2. An obliqug¢6 = /3 ) plane wave
Is impinging on the plate. Figure 5a shows the ichjpd macroscopic Biot-Allard parameters on
the TL. Results show that the effects of mechamcaperties of the foam are dominant in the
NOISE-CON 20186, Providence, Rhode Island, 13-15 June, 2016 6
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vicinity of frame-born resonance. Since the plat&ansparent at the coincidence frequency, the
effect of sound absorption of the foam is consibleraAt this frequency, parameters that have
more impact on the sound absorption are dominant.
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Figure5: (a) The effect of Biot-Allard parameters on the TL. (b) Minimum, maximum, and standard deviation for
the transmission loss.

5.3 Impact of microstructure variability on the sound absorption

The macroscopic properties of Biot-Allard model arew estimated from microstructure

properties (Table 1) using the presented micro-mawodels. The sound absorption curve and
the contribution of each parameter on the outpatsimown in Fig. 6. Results show that the
strut’'s length has lightly more impact than struttsckness on the frame-born resonance
frequency where, as shown in Fig. 4, mechanicgbgntees, flow resistivity, and tortuosity are

dominant parameters. These results are observey.ir8, where thickness and length of struts
have the same impact on mechanical propertiesiasityy is controlled by reticulation rate, and

the effect of strut’s length is dominant in flowsigtivity. The same contribution is seen in Fig. 6.
The effect of reticulation rate is dominant at Idsequencies where flow resistivity plays

important role in the absorption problems.
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Figure 6: Effect of microstructure variability on the sound absorption for (a) V1 and, (b) V2.
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5.4 Impact of microstructure variability on transmission loss

The effect of microstructure variability on the Tf the plate-foam system of section 5.2 is
presented in Fig. 7 for the two materials of Tabld his figure shows the mean of the outputs
and the sensitivity of the TL to each of the thm@erostructure parameters. Results at the frame-
born resonance are the same as mentioned for gwmpdion problem. Strut’s length is the
dominant parameter at the coincidence frequencynwagculation rate is low (V1). While the
reticulation rate plays the key role at the coiraice frequency for the second material (V2).

TSI * NSD
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103

TL (dB)

TSI * NSD
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Figure 7: Effect of microstructure variability on the TL for (a) V1 and, (b) V2.

6 CONCLUSION

To enhance the acoustical behavior of cellular rmed$e developing correlations between
microstructure and Biot-Allard parameters is neededhis study, an augmented micro-macro
model is presented to correlate the effect of uédioon rate on effective Young's modulus of PU
foams. The model is based on the analytical micasro model, presented for fully reticulated
PU foams by Gong and Jdrg The modified micro-macro model together with rionacro
model developed by Doutreat. al is used to investigate the impact of microstruetur
irregularities on: first, macroscopic Biot-Allarduy@ameters, and then, the acoustical performance
indicators. Before that, a global sensitivity as@éyis done to show the contribution of the Biot-
Allard parameters, at each frequency, on a sousdrgbon, and a transmission loss problem.
Results show that the irregularities in length #ndkness have the same impact on the effective
Young's modulus, while in the case of high reticedaPU foams the strut's length is important
on non-acoustical properties. But, in the caseoof teticulated PU foams, reticulation rate is
dominant microstructure parameter in the flow testy, tortuosity and viscous length. The
sound absorption of the foam is studied as thé &ceustical performance indicator. Results
show that length and thickness of strut have alrtitisssame effect where mechanical properties
are more important, while the length effect gets lbad where non-acoustical properties are
dominant parameters. Study on the impact of tlegudarities in microstructure of PU foams on
the TL shows that the mechanical properties areirkmh at the frame-born resonances, while
the parameters which are controlling the soundrgitism get lead at the coincidence frequency.

NOISE-CON 2016, Providence, Rhode Island, 13-15 June, 2016 8



Impact of microstructure variability in PU foam Gholami, Doutres & Atalla

ACKNOWLEDGEMENT

The authors would like to thank the National Scemnand Engineering Research Council of
Canada (NSERC) for providing financial support, aadgratefully acknowledge Dr. Morvan
Ouisse for his kind generous support on the seitgiinalysis section.

REFERENCES

1. J. Allard, and N. Atalla, Propagation of Sound oréus Media: Modelling Sound Absorbing Materialsjé#,
2e ed., 2009.

2. 0. Doutres, N. Atalla, and K. Dong, “Effect of thecrostructure closed pore content on the acobsthavior
of polyurethane foamsJournal of Applied Physics, 110, 064901, (2011).

3. 0. Doutres, N. Atalla, and K. Dong, “A semi-phenamiegical model to predict the acoustic behaviofutlfy
and partially reticulated polyurethane foam&urnal of Applied Physics, 113 054901, (2013).

4. L. Gong, S. Kyriakides, and W.-Y. Jang, “Compressi@sponse of open-cell foams Part |: Morphology an
elastic properties’nternational Journal of Solids and Sructures, 42, 1355-1379, (2005).

5. W.-Y. Jang, A. M. Kraynik, and S. Kyriakides, “Olmet microstructure of open-cell foams and its eftett
elastic properties’nternational Journal of Solids and Structures, 45, 1845-1875, (2008).

6. M. T. Hoang, G. Bonnet, H. Tuan Luu, and C. Pefildhear elastic properties derivation from microstures
representative of transport parameteisie Journal of the Acoustical Society of America, 135, 3172, (2014).

7. R. 1. Cukier, C. M. Fortuin, K. E. Shuler, A. G.Beltek, and J. H. Schaibly, “Study of the sensitiof
coupled reaction systems to uncertainties in raggficients Il Analysis of the approximationsrhe Journal of
Chemical Physics, 59, 3873, (1973).

8. A. Saltelli, K. Chan, and E. M. Scott, “Sensitivijnalysis”, Wiley, 1999.

9. A Saltelli, and R. Bolado, “An alternative waydompute Fourier amplitude sensitivity test (FAST)”,
Computational Statistics & Data Analysis, 26, 445460, (1998).

10. O. Doutres, M. Quisse, N. Atalla, and M. Ichchoumpact of the irregular microgeometry of polyuretba
foam on the macroscopic acoustic behavior predioyeal unit-cell model”The Journal of the Acoustical
Society of America, 4, 1666, (2014).

11. M. Ouisse, M. Ichchou, S. Chedly, and M. Colletn“te sensitivity analysis of porous material metel
Journal of Sound and Vibration, 331, 5292-5308, (2012).

NOISE-CON 2016, Providence, Rhode Idand, 13-15 June, 2016 9



