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An ultrasonic reflectivity method of evaluating the acoustic parameters of porous materials saturated
by air (or any other gasis discussed. The method is based on experimental detection of waves
reflected at normal incidence by the first and second interface of the material. This method is based
on a temporal model of direct and inverse scattering problems for the propagation of transient
ultrasonic waves in a homogeneous isotropic slab of porous material with a rigid ffeetiah

et al, J. Acoust. Soc. Am113 61-73(2003]. Generally, the conventional ultrasonic approach can

be used to determine tortuosity, and viscous and thermal characteristic lengths via transmitted
waves. Porosity cannot be estimated in transmitted mode because of its very weak sensitivity. First
interface use of the reflected wave at oblique incidence leads to the determination of porosity and
tortuosity [Fellah et al, J. Acoust. Soc. Am113 2424-2433(2003] but this is not possible at
normal incidence. Using experimental data of reflected waves by the first and second interface at
normal incidence simultaneously leads to the determination of porosity, tortuosity, viscous and
thermal characteristic lengths. As with the classic ultrasonic approach for characterizing porous
material saturated with one gas, both characteristic lengths are estimated individually by assuming
a given ratio between them. Tests are performed using weakly resistive industrial plastic foams.
Experimental and numerical results, and prospects are discussed00® Acoustical Society of
America. [DOI: 10.1121/1.1621393

PACS numbers: 43.20.Bi, 43.20.HANN] Pages: 2561-2569

I. INTRODUCTION cluding porous materials and soft tissues, have been ob-
served to have an attenuation function that increases with
The propagation of sound in fluid-saturated porous mefrequency. As a result, higher frequency components of the
dia with rigid solid frames is of great interest for a wide pulse are attenuated more than lower frequency components.
range of industrial applications. With air as the pore fitidl, ~ After passing through the layer, the transmitted pulse is not
applications can be found in noise control, nondestructivgust a scaled down version of the incident pulse, but has a
material characterization, thermoacoustically controlled heagifferent shape. Dispersion refers to the phenomenon ob-
transfer, etc. served when the phase velocity of a propagating wave
Many applications, such as medical imaging or inversechanges with frequency. Dispersion causes the propagating
scattering, require a study of the behavior of pulses traveling,mse wave form to change because wave components with
into porous media. When a broadband ultrasound pulsgifferent frequencies travel at different speeds. An under-
passes through a layer of a medium, the pulse wave formgtanding of the interaction of ultrasound with a porous me-
changes as a result of attenuation and dispersion of the mgiym in both time and frequency domains, and the ability to
dium. The classic method for predicting a change in thejetermine the change of wave form when propagating ultra-
wave form of a signal passing through a medium relies oryound pulses, should be useful in designing array transducers
the system’s impulse response. According to the theory ofnq in quantitative ultrasound tissue characterization.
Ii|_1ear systems, the outpl_Jt signal is a convolution of the.inp.ut To cope efficiently with the specific problems appearing
signal and the system impulse response. Many media, iNy gransient acoustic field propagation, new approaches are
required*® At present, most analyses of signal propagation
dElectronic mail: fellah@Ilyon.inserm.fr are carried out in the frequency domain using the Fourier
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transform, and the results are translated to the time domaimoving or not. In the first case, the wave dynamics due to
and vice-versa. However this has several limitations. Theoupling between the solid frame and the fluid are clearly
first is that the transformation is difficult to compute accu-described by the Biot theoRy'° In air-saturated porous me-
rately enough numerically for nonanalytical functions. Fordia, the structure is generally motionless and the waves
example, using the Fourier transform to obtain time domairpropagate only in the fluid. This case is described by the
results for a lossy material is a more complicated approackquivalent fluid model which is a particular case in the Biot
than using true time domain analysis, and the numerical remodel, in which fluid-structure interactions are taken into
sults are less accurate. The second disadvantage is that Agcount in two frequency response factors: dynamic tortuos-
working in the frequency domain, some numerical informa-ity of the mediuma(w) given by Johnsoret al* and dy-
tion is lost or hard to recover. For example, in the case ohamic compressibility of the air in the porous mateBad)
noisy data it may be difficult to reconstruct the chronologicalgiven by Allard? In the frequency domain, these factors mul-
events of a signal by phase unwrapping. Consequently, it isply the fluid density and compressibility, respectively, and
difficult to obtain a deep understanding of transient signashow the deviation from fluid behavior in free space as fre-
propagation using the frequency domain method. quency increases. In the time domain, they act as operators
A time domain approach differs from a frequency analy-and in the asymptotic domaithigh frequency approxima-
sis in that the susceptibility functions describing viscous andion) their expressions are givehby
thermal effects are convolution operators acting on velocity

12
and pressure, and therefore a different algebraic formalism a(t):ax( S(t)+ E i) tllz), (1)
must be applied to solve the wave equation. The time domain A\ mps

response of the material is described by an instantaneous _ 2(y—1) n |\ Y2

response and a “susceptibility” kernel responsible for ,B(t)z(é(t)+ T(wPrpf) tl’z). 2

memory effects. The attraction of a time domain based ap-

proach is that analysis is naturally bounded by the finite duin these equationsgi(t) is the Dirac function, P£0.71 is the

ration of ultrasonic pressures and is consequently the mo&trandtl number, »=1.84.10°kgms ! and p;=1.23

appropriate approach for the transient signal. kgm~2 are, respectively, fluid viscosity and fluid density,
In this work, we present a reflectivity method for mea-and y=1.4 is the adiabatic constant. The relevant physical

suring the physical parameters describing the propagation gfarameters of the model are the medium tortuosity and

ultrasonic pulses in air-saturated porous materials. Thisiscous and thermal characteristic lengthsind A’. In this

method is based on a temporal model of direct and inversenodel the time convolution df *2 with a function is inter-

scattering problems for the propagation of transient ultrapreted as a semi-derivative operator according to the defini-

sonic waves in a homogeneous isotropic slab of porous mdion of the fractional derivative of ordey given in Samko

terial with a rigid frame, initially introduced by the authdrs. et all?

The principle of this method is to measure the wave reflected 1 ‘

by the first and second interface of a slab of porous material, D"[x(t)]= _f (t—u) """ x(u)du, 3

and to solve the inverse problem in order to estimate the I'(=v) Jo

physical parameter@orosity, tortuosity, viscous and thermal wherel'(x) is the gamma function.

chargcteristic Igngths The z_idvantage of this method over In this framework, the basic equatidfsfor our model

classic ultrasonic methods is that all these parameters can Ban, pe written as

determined simultaneously using experimental reflected data

(the ratio between the viscous and thermal characteristic B(t) aip

lengths is fixed as in classical acoustical metddis Ka i

The outline of this paper is as follows. Section I recallswhere* denotes the time convolution operatiaris acoustic
a time domain model and the basic equations of wave propa- P s

gation in porous material. Section Ill is devoted to the direc‘g‘ressure,v IS particle velocity, anK,=141820Pa is the
t

_ (9Ui
pfa(t)*W:_Vip, =V, (4)

problem and the expression of reflection and transmissio ulk modulus of _air. The first. equation is_the Euler equation,
kernels in the time domain at normal incidence. In Sec. IV, e second one is the cqnstltutlve equa}tlon. .

the sensitivity of porosity and tortuosity, as well as viscous For a wave propagating along tkexis, these equations
and thermal characteristic lengths are discussed, showing ﬂpeecome

effect of each parameter on the waves reflected by the first — 5,(x.t)  pra. [ 7
and second interface. Section V contains the inverse problemy .. ot A ( )
and the appropriate procedure, based on the least square

V2 rt gu(x,t/)]at’
f—v( N o

0 At—t’

TPt

method, which is used to estimate the acoustic parameters. ap(x,t)
Finally in Sec. VI, experimental validation using ultrasonic =~ ——-—, 5)
measurement is discussed for air-saturated industrial plastic
foams. 1 ap(x,t) Y y—1 ( 7 )l’zftap(x,t’)/at’ "
IIl. MODEL Ka ot KaA"\7Pips) - Jo  \t—t’

In porous material acoustics, a distinction can be made _ du(x,1) ©6)
between two situations depending on whether the frame is ax
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P To derive the reflection and transmission scattering op-
Pl erators, it is assumed that the pressure field and flow velocity
— are continuous at the material boundary,

p(0",t)=p(0",t), p(L ,t)=p(L 1),
X=0 X=L 9)

v(07,1)=¢v(07,1), v(L* t)=¢v(L 1),

FIG. 1. Problem geometry.

. . . here ¢ is the porosity of the medium and the positive and
In these equations, the convolutions express the dlspe\r’y regis porosity ! positiv

. . . negative superscript denotes the limit from left and right,
sive nature of the porous material. They takg In'EO account th?espectively. Assumed initial conditions are
memory effects due to the fact that the medium’s response to

wave excitation is not instantaneous but needs more time to ap

take effect. _ o _ _ P(X,t)]i=0=0, 2l =0 (10
The generalized lossy wave equation in the time domain t=0

is derived from the basic equatio(® and(6) by elementary

calculation as follows: which means that the medium is idle for 0.

) ) 5 ' If the incident sound wave is generated in regioa0,
°p(x,t) A(? D(X,t)_Bf‘ a°p(x,t)/at gt —c ap(x,t) then the expression of the acoustic field in the region to the

ENG o2 o +i—t' ot left of the material is the sum of the incident and reflected
fields,
=0, (7)
where coefficient\, B, andC are constants given by py(X,1)= pi<t_ ci +pr H_Ci . x<0. (11)
0 0
N N A .
K, K, 7 \A JPra’)’ Here,p,(x,t) is the field in the regiox<<0, p' andp" denote
®) the incident and reflected fields, respectively. In addition, a
da.(y—1)7n transmitted field is produced in the region to the right of the
= K.AA'JPr material. This has the form
a

respectively. The first one concerns the velocity . L (x—L)
=1/\Jpsa. /K4 of the wave in the air in the porous material. ps(X.t)=p’| t— P
a.,, gives the refractive index of the medium which changes

the wave velocity fromco=yKa/p; in free space toc [ (x,t) is the field in regionx>L andp! is the transmitted
=Co/\a., in the porous medium. The other coefficients es-fig|q ]

sentially depend on the characteristic lengthand A’ and The incident and scattered fields are related by scattering
express fluid-structure viscous and thermal interactions. Thgperatorgi.e., reflection and transmission operajdie the

constantB governs signal spreading whi@ is responsible  material. These are integral operators represented by
for wave attenuation.

), x>L. (12)

t , X

lll. DIRECT PROBLEM P(x1)= fOR(T)p'(t_TJF )97

The direct scattering problem involves determining the 5 X
scattered field as well as the internal field, arising when a =R(t)*p'(t)* 8| t+—/, (13
known incident field impinges on a porous material with Co
known physical properties. Green’s functtdror the modi-
fied wave equation in the porous medium must be known in ol(x,t)= ft?(r)pi(t— _ L (X_L))dr
order to compute a solution for the direct problem. In that ’ 0 c Co
case, the internal field is given by the time convolution for
Green'’s function with the incident wave, and the reflected =7I'(t)* pi(t)* 8 t— —— (X_L))_ (14)
and transmitted fields are deduced from the internal field and c Co

boundary conditions. _ _

In this section some notation is introduced. The problemin Egs.(13) and(14) functionsR andT are the reflection and
geometry is given in Fig. 1. A homogeneous porous materialransmission kernels, respectively, for incidence from the
occupies region &x<L. This medium is assumed to be left. Note that the lower limit of integration in Eq&l3) and
isotropic and to have a rigid frame. A short sound pulse(14) is given as 0, which is equivalent to assuming that the
impinges normally on the medium from the left. It generatesncident wave front first impinges on the materialtatO.
an acoustic pressure fiel(x,t) and an acoustic velocity The operatorfk and T are independent of the incident field
field v(x,t) within the material, which satisfy Eq¢5) and used in the scattering experiment and depend only on the
(6). properties of the materials.
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Using boundary and initial condition®) and (10), re- W[
flection and transmission scattering operators can be
derived® taking into account the-multiple reflections in the
material: —~ O
3
ﬁ_l—Ezl—EZ”FZL < ,
=17/ & |17 teng 3 °
£
L < -0.5¢
-F t,(2n+2)€ , (15 '
Tit)= = E(l_E an t+ = (2n+1) s B :
= (1+E)2i50 | 1+E C_o’( n )E : 1.1 1.15 12
(16) (@) Time (s) x107°
In these equationsE=¢/\/a., and F are the medium’s of
Green functiof® given by
0 if Ost=k -1
— t—k I |
F(tK) E(t)+Af htede  if =k L) .
0 =}
£ -a0f
. [=%
with E ©
SN p( b'2Kk? ) . i
E(t)= exp — ,
4\/; (t_k)S/Z 16(t—k) -50
whereh(r,£) has the following form: 1 15 2 25 3 35
(b) Frequency (Hz) x 10°
k 1
h(7,&)=— — FIG. 2. (a) Incident signal(b) Spectrum of the incident signal.
471_3/2 (T_g)Z_kZ §3/2
1 x(, 7,6 udu (1-E)/(1+E). The experimental detection of the reflection
Xf leX T o (x(m,7,6)—1) N contribution by the second interface depends strongly on the
- M

sample’s thickness and acoustic propertgsrosity, tortuos-
(190  ity, viscous and thermal characteristic lengthé may be
interesting to be able to measure the second reflection con-
= J(7=8)7—K>+Db' (71— &))? L . :
SPE ;\(/: 23%3’(8‘ ;Tc’:g)cz ;An'g A(ZT_ b% 4|?:’ b"(7=£))"/B¢, tribution, because it could offer an alternative method for
=BcZ\m, ¢'=C-c? =b'2—4¢’.

: . . determining acoustic parameters which are now measured
In most cases of air-saturated porous materials, multiple

reflection effects may be negligible because of the high atacousncally only in transmission moGen fact the wave

. ; . . reflected by the second interface depends on the medium’s
tenuation of sound waves in these media. This depends o . o ;
reen functionF which is expressed in terms of the ultra-

the thicknesd. and physical properties of the porous mate- ~_ " : SR
. ) L o sonic parameters. This wave is diffusive compared to the
rial. For porous material with high flow resistivity, only the L

o . . wave reflected by the first interface.
wave reflected by the first interface is seen experimentally
and all other reflection contributions are neglected. So, by
taking into account only the first reflections at interfages V. ACOUSTIC PARAMETER SENSITIVITY

=0 andx=L, the expression of the reflection operator will _ . . _ )
be given by In this section, numerical simulations of waves reflected

by a slab of porous material are run by varying the indepen-
R(t)=r(t)+R(1), (20 dent geometrical parameters of a porous medium described
: acoustically using the theory developed in Sec. lll. 50%
with S . . .
variation is applied to the governing parameters. A first nu-
oL merical simulation is produced. The incident signal used in
?) the simulation is given in Fig.(2). Its spectrum is given in
Fig. 2b). The numerical values chosen for the physical pa-
2D rameters correspond to quite common acoustic materials, as
r(t) is the instantaneous response of the porous material cofellows: thicknessL=1 cm, tortuosity a.,,=1.05, viscous
responding to the reflection contribution at the first interfacecharacteristic lengthA=300 um, thermal characteristic
(x=0). R(t) is equivalent to reflection at the second inter-length A’=900 um, and porosity$=0.97. The result of the
facex=L. The part of the wave correspondingrt@d) is not  simulation is a signal as shown in Fig(a@ Amplitude is
subjected to dispersion but simply multiplied by the factorgiven by an arbitrary unit and the point number given in the

E
“”:(m

0. o= D
. AO= (1+E)3
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0.4— T T T T " T FIG. 4. Comparison between simulated reflected signals corresponding to
0.3l ' L=1 cm (solid line) andL =0.5 cm(dashed ling
« ] 1
i) :: 1"
0.2 " :: :'. \ \ ] . .
3 TN " ness of the material, the distance propagated by the second
A B THEE i 1 reflected wave in the porous material falls and is less attenu-
3 OWVWW/WW*A'*"*’" ated. It leads to an increase of amplitude of 40% of its initial
£ Aoy v i N value in the second reflected wave.
g™ b 1 Now let us look at the effect of tortuosity. Figure 5
_o.2[ ! i ' : shows a comparison of two simulated reflected signals, the
0k ., ‘ ‘ first (solid line) corresponding tar,,=1.05 and the second
) u: ﬁ (dashed lingto a,,=1.57. In this simulation, the values of
AT 112 114 116 118 12 the thickness, porosity, viscous and thermal characteristic
(b) Time (s) x 107 lengths have been kept constarit=1 cm, A=300 um,

) ) ) ) A"=900um, and¢$=0.97). From the two signals of Fig. 5, it
FIG. 3. (a) Simulated reflected signalb) Comparison between simulated

reflected signals corresponding ¢e=0.97 (solid line) and ¢=0.48 (dashed can be seen that thIUOSHY plays an important par.t In re-
line). flected waves. By increasing the value of tortuosity, the

speed of the wave reflected by the second interface has fallen

abscissa is proportional to time. In Fig. 3, the two signalsTom 331 to 270 ms'. However, the amplitude of the two
correspond to the waves reflected by the first and second@ves increases, the wave reflected by the first interface in-
interface, respectively. The speed of the first wave is th&réases by 420% of its initial amplitude and the wave re-
speed of free air 340 m$ and the speed of the second flected by the second interface increases by 250% of its ini-
wave, which propagates inside the porous material, idial amplitude. On increasing tortuosity, the inertial couplings
331mst(c=cy/Vaz). between fluid and structure also increase, the porous material

Figure 3b) shows the results obtained after reducingbecomes more resistive, and_then the reflected opelf&qrs
porosity by 50% of its initial value. The first signéolid (21)] of the first and second interface increase. At the same
line) corresponds to the simulated reflected signal fortime, the wave reflected by the second interface is much
#=0.97 and the second oridashed lingto ¢$=0.48. The delayed and its amplitude is less amplified compared with
values of the other parameters have been kept constant (the wave reflected by the first interface. This can be ex-
=1cm, a,,=1.05,A=300 um, andA’=900 um). The sen-

sitivity of porosity in reflected mode can be seen for a 50% 0.15 ;
change. There is an important change of amplitude in the two N
waves(first and second interfageBy reducing porosity, the 0r i
amplitudes of the wave reflected by the first and second in- 008t i P
terface increase by 775% and 800% of their initial values, 5 e . B iy
respectively. This result can be predicted by the fact that < of—) vy AP
when porosity decreases, the porous material becomes very 3 TR i ; Ve
resistive and the incident wave is then more reflected by the é__o.os- i' 0 ’
porous material. < o4 o

When the thickness decreases by 50% of its initial value, -
the reflected signal also changes. The values of the ultrasonic -0.15¢
parameters have been kept constaat,€1.05, $=0.97, 0.2k . , ‘ ‘
A=300 um, A"=900 um). Figure 4 shows a comparison of 0308 11 14z 114 116 118 12

two reflected signals with two different thicknesses. The first Time (s) x10”

one (solid line) corresponds to a thickness of 1 cm and therg, 5. Comparison between simulated reflected signals corresponding to
second onddashed lingto 0.5 cm. By reducing the thick- a.,=1.05(solid line) and a,,=1.57 (dashed ling
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presented in Fig. 7, the reflected wave by the first interface is
not affected byA’). The first one(solid line) corresponds to
A'=900 um and the second on@ashed lingto A’'=450
pum. A small change is only observed in the wave reflected
by the second interface, in which its amplitude has fallen by
8% of its initial value.

From this study, we can gain an insight into the sensi-
tivity of each physical parameter used in this theory. The
parameters which are involved in propagation and dispersion
phenomena such as viscous and thermal characteristic
lengthsA and A’ are only involved in the wave reflected by
T XT The T —ry the second interface wave form. This wave propagates inside

Time (s) x10° the porous material and is thus subjected to viscous and ther-
fe 6. G o b ated reflected <iamals at i ; “mal interactions between fluid and structure, responsible for
s o e o 1233 oy amping the acoustic wave in porous material. However, he
line). wave reflected by the first interface is immediately reflected

by the material and does not propagate inside the porous

. . . ) . medium. This wave is not sensitive to parameters describing
plained by additional |nert_|al losses in the second reflecteqjispersion phenomena such &sand A’

wave due to the propagation phenomenon. o We also note from these simulations that some param-

Figure 6 shows the sensitivity of viscous c.:haracterlstlc(_:,terS such as porosity, tortuosity e, , and thickness play
length A on the reflected wave by the second interfét® o, jmnortant role simultaneously in both waves reflected by
reflected wave by the first interface is not affectedyThe e first and second interface wave forms compared to other

signal plotted as a solid line correspondsite300 um and 5 ameters which act on the wave form of just one of the two
the dashed line transmitted signalAe=150 um. The values | oveq

of the other parameters have been kept constartl(cm,

Koy — 105,A,:900Mm, al’ld¢>=097) It can be See-n that the V. |NVERSE PROBLEM

amplitude of the reflected wave by the second interface has ) _ )

fallen by 85% of its initial value. A very small change occurs ~ The propagation of acoustic waves in a slab of porous
at the speed of the wave reflected by the second interface diaterial in the asymptotlc.domaln IS charac_tenzed by four
to the dispersion phenomenon governedAyThis length ~ Parameters, namely, porosidy tortuosity a.., viscous char-
appears in the second term in the asymptotic expression @cteristic lengthA, and thermal characteristic lengttf, the
dynamic tortuosity at high frequencid&€q. (1)], and as values of which are crucial for the behavior of sound waves
shown by this numerical simulation, plays a less important N such materials. So, it is of some importance to develop
role in reflected waves than tortuosity, which appears in thé'eW experimental methods and efficient tools for their esti-
first order of expression of the tortuosity operafdt) [Eq. ~ mation. Therefore, a basic inverse problem associated with

(1)]. In transmission mode, viscous characteristic lengthe slab may be stated as follows: by measuring signals
plays an important role in dispersion, especially for resistivdransmitted and/or reflected outside the slab, find the values

porous materials. of the medium’s parameters. The inverse problem has been

Figure 7 shows a comparison of two simulated reflectecfOlved in transmission mode in Ref. 6 and an estimate of
signals corresponding to two different thermal characteristi®®-» A, and A’ has been made, giving a good correlation

lengthsA’ (only the reflected wave by the second interface isbetweep experiment and theory. Porosity has not been est'i-
mated in transmitted mode because of its very weak sensi-

tivity. The inverse problem for reflected waves has been
solved only for the wave reflected by the first interface at
oblique incidence, giving good results for tortuosity and po-
rosity in plastic foams? The determination of porosity and
tortuosity is not possible at normal incidence from the re-
flected wave at the first interface. Viscous and thermal char-
acteristic lengths have not been estimated, because they do
not depend on the wave reflected by the first interface. It may
be interesting to develop a method to measure all the param-
eters in one modéreflection or transmission although it
seems to be impossible in transmitted m&dgowever for

0.01}

b
=}
=]
G

(\mplitude (a.u.)
o

0.0051

-0.01}

0.01¢

o
=)
=]
53]

Amplitude (a.u.)
(=)

~0.005f

-0.01}
weakly resistive porous materials, such as some plastic

1.14 1.15 1.16 1.17 1.18 1.19 foams and fibrous materials, it may be possible to detect the
Time (s} x10° wave reflected by the second interface experimentally, and

FIG. 7. Comparison between simulated reflected signals at the second ir'ghIS gives the same phySICaI information as the .transmltted
terface corresponding th'=900 um (solid line) and A’ =450 um (dashed ~ Wave, so we can then hope to use these experimental data

line). (waves reflected by the first and second interfacestimate
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all the physical parameters describing propagation. A study T
of the sensitivity of the physical parameters involved in the
reflected signal shows that it may be possible to obtain the
effect of each parameter in one or two reflected waves.

As shown in Sec. V, solution of the direct problem in- )
volves a system of two operators expressed as functions of PG = I
¢, a., A, andA’. The inversion algorithm for finding the l
values of the slab parameters in reflected mode is based on
an appropriate procedure: find the values of the parameters H.EF-RA S
¢, a.., A, andA’ such that the reflected signal describes the
scattering problem in the best possible weayg., in the least- l
squares sengeBecause of the weak sensitivity &f in the D.O
porous material’s reflected response, AéA ratio is set to 3 Triggering
(A'/A is classically set from 2 to 3 for plastic foafif$.

The inverse problem is to find values for parametgrs FIGO.| 8.ngpe|rimental s;etupHEtht;i ul’:t_ris?nic measflljltrer_nents in reﬂle_lgted
. L - mode. PG: pulse generator, -PA: high frequency filtering -pre-amplifier,
a.., and A which minimize the function DO: digital oscilloscope, C: computer, T: transducer, S: sample.

— C

t
— r r 2
U(¢, e, A)= fo(pexpl(x,t)—p (x,0)"dt, Consider the sample M1-a: Figure 9 shows the experi-
. ) ) . mental incident signal generated by the transducer. After
where pext) is the experimentally determined reflected solving the inverse problem numerically, we find the follow-
signal,p'(x,t) is the reflected wave predicted from E3). ing optimized valuesh=0.945+0.005, «.. = 1.065+ 0.005,

However, because the equations are nonlinear, the analyticgl= 51+ um, and A’ =630+15 um. Using these values

method of solving the inverse problem using the CONVeNyye present in Figs. 18), (b), and (c) the variations in the

tional Iegst-squares method is tedious. In our case, a NUMetkinimization functionU given in Eq.(22) with porosity,

cal solution of the least-squares method can be found whicfy,4sity, and viscous characteristic length, respectively. In

minimizesU (¢, .., A) defined by Fig. 11, we show a comparison between an experimental
i=N reflected signal and simulated reflected signals for the opti-

U(¢,ax,A)=2 (prexpl(x,ti)—pr(x,ti))z, (22)  mized values of porosity, tortuosity, viscous and thermal

=1 characteristic lengths. The difference between the two curves

where p(raxpl(xvti)i=l,2,...N is the discrete set of values of the is slight, which leads us to conclude that the optimized val-

experimental reflected signal api(x,t;);—1,_y is the dis-  ues of the physical parameters are correct.

crete set of values of the simulated reflected signal. Section Let us now solve the inverse problem for sample M1-b.

VI discusses solution of the inverse problem based on ex¥he experimental incident signal generated by the transducer

perimental reflected data. is shown in Fig. 12. The optimized values of these param-
eters are ¢$=0.938+0.005, «,,=1.07+0.005, A=170+5
VI]. ULTRASONIC MEASUREMENT ,LLm, andA'=510'_"15 ,(Lm Figure 13 ShOWS a Comparison Of

an experimental reflected signal and a simulated signal ob-

In application of this model, some numerical SimU|ati0nStained by Optimization from the inverse prob|em_ Here,
are compared with experimental results. Experiments arggain, the correlation of theoretical prediction and experi-
performed in air using a broadband Ultran NCT202 transmental data is good.
ducer with a central frequency of 190 kHz in air and a band-  Using another plastic foam M2thickness 1 cry the
with of 6 dB extending from 150 to 230 kHz. This transducerincident signal generated by the transducer is given in Fig.
is used simultaneously as a transmitter and receiver to detect
the reflected wave. Pulses of 400 V are provided by a
5052PR Panametrics pulser/receiver. The signals received 0.8
are amplified to 90 dB and filtered above 1 MHz to avoid 0.6-
high frequency noiséenergy is totally filtered by the sample
in this upper frequency domain by the wave reflected by the
second interfage Electronic interference is eliminated by
1000 acquisition averages. The experimental setup is shown

Amplitude (a.u.)
T

in Fig. 8. Signal duration is important in solving the inverse -0.2
problem; its spectrum must verify the condition of high fre- ~0.4}
quency approximatid referred to in Sec. Il. _08t
Consider a sample of plastic foam, M1, of two different 08
thicknesses, the fir§M1-a) with a thickness of 1.080.01 . ‘ L ‘
cm and the secontM1-b) 0.62+0.01 cm. Sample M1 was 1.08 1.1 112 114 1.6 118 1.2 1.22
characterized using classic methbtfsgiven the following Time (s) x10°
physical parameters:¢=0.94+0.005, «..=1.07+0.005, FiG. 9. Experimental incident signal generated by the transducer for the
A=200+5 um, A'=600+15 um. plastic foam sample M1-a.
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€ FIG. 12. Experimental incident signal generated by the transducer for the
k= plastic foam sample M1-b.
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(c) Viscous characteristic length x10™

FIG. 10. (a) Variation of the minimization functiorlJ with porosity for
a,,=1.065 andA=210 um (sample M1-a (b) Variation of the minimiza-
tion functionU with tortuosity for $=0.945 andA =210 um (sample M1-a
(c) Variation of the minimization functiolJ with viscous characteristic
length for $=0.945 anda., = 1.065(sample M1-a

14. The results, after solving the inverse problem for varia-
tion of the minimization function with porosity, tortuosity
and viscous characteristic lengths, a#e=0.97+0.005, «.,
=1.0750.005,A=380+5 um, andA’'=1140+15 um. In

Fig. 15, we show a comparison of an experimental reflected
signal and a reflected simulated signal using optimized val-
ues of physical parameters. Classic methd@give the fol-
lowing characteristics; »=0.97=0.05, «..=1.07+=0.005,
A=360*+5 um, andA’'=1080+15 um.

Amplitude (a.u.)

0.05

0.05

-0.05

and M2, the optimized values obtained using this method arend A=170 um).
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FIG. 13. Comparison between experimental reflected sigudid line) and

simulated reflected sign&tlashed ling obtained by optimization from the
It can be seen that for the three samples, M1-a, M1-byyerse problem, for the plastic foam sample M1és, & 1.070,=0.938,
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