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Abstract

The accurate characterization of the acoustic and
elastic parameters of a porous material based on
impedance tube measurements presents challenges, in
particular, because the specimens’ diameters can devi-
ate from the nominal inner diameter of the impedance
tube. If the specimen’s diameter exceeds the nominal
diameter of the tube, it is compressed and therefore
the material parameters are modified. The elastic
solid phase of the diphasic poroelastic material is mod-
elled using Biot’s model with the parameters mass
density, Young’s modulus, Poisson’s ratio, and loss
factor. In the fluid phase, viscous and thermal dissi-
pation is modeled with the JCAL model which uses
the parameters static airflow resistivity, open porosity,
tortuosity, static thermal permeability, and viscous
and thermal characteristic lengths. The model is re-
stricted to plane waves at normal incidence, enabling
an analytical coupling of the two models. In this con-
tribution, the parameters of the diphasic poroelastic
Biot-JCAL model are fitted to impedance tube mea-
surements of the FOAM 02-database. This database
contains 864 measurements of the sound absorption
coefficient obtained in an impedance tube with +2 %
diameter deviation. An inverse parameter characteri-
sation model is implemented in Python. The results
highlight the effect of diameter inaccuracies on the
visco-thermal and elastic parameters of the Biot-JCAL
model.

Keywords: Acoustic absorption, poroelastic materials,
Biot-JCAL

1. Introduction
Knowledge of the acoustic properties of porous mate-
rials is essential for accurate predictions of their effect
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on the acoustic field [1], [2]. To do so, the impedance
tube is a common tool to determine the acoustic prop-
erties of porous materials [3]. However, inaccuracies in
specimen preparation may cause the actual specimen
diameter to deviate from the nominal diameter of the
impedance tube. On the one hand, if the specimen
diameter is smaller than the nominal tube diameter,
the leakage effects affect low frequencies in particu-
lar [4]. On the other hand, if the specimen diameter
exceeds the nominal tube diameter, the specimen is
compressed which can lead to local minima in the
measured sound absorption coefficient (SAC) curve,
see, e.g., [5], [6]. These local SAC minima can be at-
tributed to an elastic motion of the skeleton material,
following Biot’s theory of a diphasic poroelastic mate-
rials [7], [8]. Thereby, the fluid phase (i.e., the fluid
filling the pores) is considered to be air, and the elas-
tic solid phase is considered acoustically sound hard,
but somewhat elastically compliant to the impinging
acoustic pressure and particle velocity. For the fluid
phase, a common model to describe the visco-thermal
dissipation is the Johnson—-Champoux—Allard-Lafarge
(JCAL) model, as described in [9], which has six pa-
rameters. The elastic solid phase is modelled with the
diphasic Biot model [10], [11], which has an additional
four parameters. Thus, the full model consists of ten
parameters, as listed in Table 1.

In [5, Fig. 6], it is evident that the JCAL model alone
is not able to reproduce the effects of the compression
waves in the elastic solid. Thus, in this contribution,
an auto-differentiable implementation of the diphasic
Biot-JCAL model is proposed. The fluid and elastic
solid parameters of this model are jointly fitted to
impedance tube SAC measurements of the FOAM
02-dataset [13].

The paper is organised as follows. In section 2, the
Biot-JCAL model is explained, followed by a dis-
cussion on the auto-differentiable implementation in
Python, and a brief description of the FOAM 02-
dataset. In section 3, the parameter fitting results are
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Table 1: Parameters of the Biot-JCAL model for poroelastic materials with typical ranges for poroelastic parameters.
The initial value of the density po is chosen based on the nominal material density po, such that for melamine resin foam

po=9 %7 and for the PET fibre plate pp = 50 % [5].

Parameter Symbol  Typical range [12] Initial value SI Unit
JCAL model parameters (fluid phase)
Static airflow resistivity o (1-10%, 1-10°%) 10000.0 Ns/m*
Open porosity 1) (0.5,0.99) 0.94 —
High frequency limit of the tortuosity Qoo (1.0, 3.0) 1.06 —
Viscous characteristic length A (11-107%, 350 - 107%) 56-107° m
Thermal characteristic length A (11-1075, 350 - 1079) 140 -107° m
Static thermal permeability K, (1-1071°1-107%) 23.1071° m?
Biot model parameters (elastic solid phase)

Mass density P1 >0 Po %
Young’s modulus E (10, 1 - 10%) 4-10° Pa
Poisson’s ratio v (0, 0.5) 0.25

Loss factor s (1-1072, 1) 0.2 -

discussed. Finally, section 4 provides a conclusion and
outlook.

2. Methods and Materials

2.1. Biot-JCAL Model for Poroelastic Materi-
als

The simplified Biot-JCAL model employed in this
work assumes just compression waves in the mate-
rial and no shear wave, which makes it a useful tool
for computing the SAC curve because of the one-
dimensional nature of the compression waves.

Fluid Phase. According to the JCAL model,
the frequency-dependent equivalent mass density
Peq(w, @3car) and bulk modulus Keq(w, O5car) are

peq(w, O3caL) = ao;poA, (1)
Ypo/ ¢

—o=pE

Keq(w7 QJCAL) =

with the angular frequency w = 27 f and the short-
hands

¢a 1 .4aZ nopow 3)
WP oo o2A2¢2

oK ,4k620pp0w
——/1 _— 4
wpokyCh, + kA2¢2 @)

where the parameters of the JCAL model as listed
in Table 1 are summarized in the parameter vector
OicaL = [0, 0, Ao, A, A’,k(’)]T. The constitutive pa-
rameters of air are the ambient density pg, the isen-
tropic exponent ~y, the dynamic viscosity 79, the spe-
cific heat at constant ambient pressure C, and the
thermal conductivity x. These are evaluated accord-
ing to [12] at the ambient temperature Tp = 20.0 °C.
Therewith, the bulk modulus of the proportion of the
fluid phase can be computed with K, = ¢Kq.

Elastic Solid Phase.

A=1-]

B=1-j

The effective mass densities

in the solid phase are defined as [10], [11]
P22 = Peqd” Prz = dpo — Peq?d”
P11 = pead® = dpo + p1, (5)
ps = pu1 = Pia/ oz

The shear modulus N and the bulk modulus K} of
the solid are evaluated with [9, Eq. (6.29)]

E(1+jns)
20v+1) 7

2N(1+v)

N = - 7
3(1—-2v) "

Ky = (6)

from which the dynamic coefficients of elasticity P,
@, and R can be obtained [9, Eq. (6.26)—(6.28)]

5 (1—9¢) AN
}f— ¢ K6+Kli+ 3 9 (7)
Q=(01-9)K., R = ¢K..

Two compressional waves are observed: the dilata-
tional wave and the rotational wave. In ordinary
fluid-saturated porous materials, these can be inter-
preted as a frame-born wave and an airborne wave [9,
Sec. 6.5.3]. Only normally incident plane waves are
considered, therefore shear waves can be neglected.
Now, the complex wave numbers of the compressional
waves d; and do can be computed, respectively, with
[9, Eq. (6.67)—(6.68)]

5 w? [Pﬁm + Rp11 — 2Qp12 — \/E}

b 2 (PR - Q?) ’ -
5 w? [15/322 + Rp11 — 2Qp12 + \/Z}

2 2 (PR - Q?)

Therein, A is a short-hand notation for [9, Eq. (6.69)]
~ ~ S 12
A= [Pp22 + Rp11 — 2Q,012]

pez + Fipu —2Qpa] )
—4 (PR — Q%) (p11p22 — pla) -
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The ratios between the velocity of air over the velocity
of the skeleton of the two compressional waves are
given by [9, Eq. (6.71)]

<

D52 25
— = P(Sl — W P11
- (. ~ 2 2
w2p12 - Q(Si
For each of the two compressional waves, one char-
acteristic impedance of air and one of the frame can

be defined, such that four characteristic impedances
arise in total as [9, Eq. (6.74)—(6.77)]

Zf = (R+ Q) ﬂ, )
wi) ¢w (11)

‘ ]
Z7 = (R+ Qui)

]
w

i=1,2. (10

AR

i=1,2.

Sound Absorption Coefficient. The surface
impedance W of the diphasic poroelastic material
for normal incident waves can be computed with [9,
Eq. (6.107)—(6.108)]

23 2y — Z5 25 m
—j

W = D , (12)
where
D= (1-¢+ops) [Z} — (1 — ¢)Ziu] tan ot+ (13)
+ (1= ¢+ o) [Z3p2(1 — ¢) — Z3] tan b1t
Finally, the SAC can be computed with
agiotjcaL(w) =1 — ‘m 2 (14)

Forward Model. By introducing the Biot parame-
ter vector Opior = [p1, B, v, n,] ", equations (1) to (14)
can be formulated as a forward model for the sound
absorption coefficient that only depends on the fre-
quency and the parameters of the Biot-JCAL model!,
such that

aBiotJcAL(w) = f(w, O3caL, OBiot) - (15)

2.2. Implementation with PyTorch Auto-
Differentiation

In [12], among concise explanations of the material
model, a Matlab code is available, in which the forward
model is implemented. This was used as a basis for the
forward-model implementation in Python, which com-
putes the frequency-dependent SAC from the @jcar
and Op;e using complex-valued PyTorch tensor oper-
ations. The inverse identification of the Biot—JCAL
parameters was implemented as a fully differentiable
optimization problem in PyTorch [14]. All model
quantities are represented as torch.Tensor objects,
enabling automatic differentiation of the scalar loss
with respect to the material parameters.

11t is assumed that the constitutive parameters of air are
known and constant.

The full parameter vector 8 is composed of the JCAL
and Biot parameters, such that 8 = [0 A1, Opio] T
Instead of optimizing these physical parameters di-
rectly, unconstrained variables z; € R are optimized
and mapped to bounded physical parameters by a
sigmoid function. Thus, the constraint physical pa-
rameters are mapped to an unconstrained value range
in the optimization hyperspace, which is advantageous
for the optimizer. For example, the i-th element of 8
is transformed as follows

ei = ei,min + SlngId(zz) (ei,max - ei,min) P (16)

where 0; max and 0; min are the maximum and mini-
mum of the search interval of parameter 6;, as defined
in Table 1. The constraint A < A’ is enforced directly
in the parameter transformation by making the lower
bound of A’ depend on the current value of A.

For each selected specimen configuration, multiple
measured SAC curves are preprocessed and averaged.
The optimization minimizes a weighted mean-squared
error between the simulated and averaged measured
absorption coefficient, such that the loss £ reads

Nfreq
1
L= N, ij (OéBiotJCAL(Wj)_Oémcaus(wj))2 . (17)
freq o

Frequency-dependent weights w; are used to empha-
size selected frequency bands. This is used to empha-
size the loss in the frequency interval f € [400, 800] Hz
by a factor of 10, because in this frequency interval,
the local minima in the SAC curve contain relevant
information regarding the effect elastic wave motion,
as it can be seen in Figure 1. The minimization is
performed with torch.optim.LBFGS. The required
closure evaluates the differentiable forward model for
QaBiotJCAL, computes the loss £, calls the PyTorch
auto-differentiation function backward (), and returns
the scalar loss to the optimizer. Gradients are there-
fore obtained by PyTorch automatic differentiation.
To reduce sensitivity to local minima, the inverse pa-
rameter identification was performed using a determin-
istic multi-start strategy. For each specimen configu-
ration, the LBFGS optimization was repeated from 27
initial parameter sets generated by scaling the initial
values of the flow resistivity o, mass density p;, and
Young’s modulus E according to o € {0.5,1.0,2.0}0y,
p1 € {0.8,1.0,1.2}p1 9, and FE € {0.3,1.0,3.0}Ey. All
other parameters were initialized solely at the values
listed in Table 1. The final parameter set was se-
lected as the solution with the lowest loss among all
starts, while all optimizations used identical bounds
and LBFGS settings.

2.3. Dataset Description

In this contribution, the FOAM 02 dataset is used,
for which a detailed description is available [5]. The
dataset is openly available at [13]. It contains sound
absorption curve (SAC) measurements of specimens
with the following specifications:
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Averaged measured SAC curves and results of the Biot-JCAL fitting procedure for the two materials, four

thicknesses, and three diameters. The shaded area represents the standard deviation o of the averaged measured SAC

curves.

e 2 materials: Melamine resin foam (Basotect
with a nominal density of p; =9 %) and PET
fibre plates (Pinta Plano Polar with a nominal
density of p; = 50 %)

o 3 diameters: d € {98,100,102} mm
o 4 thicknesses: ¢ € {30,40, 50,60} mm

e 4 rotational angles: S <€ {0,90,180,270}°
The rotational angle describes a rotation of the
specimen relative to the impedance tube, as
described in [5].

This results in 96 possible parameter combinations,
as described in [5]. For each parameter combination
of material, diameter and thickness, 3 specimens have
been manufactured with the cutting device described
in [5], thus 72 specimens have been manufactured,
and each measurement is performed with three repeti-
tions. In total, 2 materials -3 diameters - 4 thicknesses -
3 specimens - 4 rotational angles - 3repetitions = 864
SAC curves make up the FOAM 02 dataset. For this
paper, the SAC curves are averaged across the same
specimens, repetition measurements and rotational
angles, because these factors do not impact the SAC
measurement significantly [6]. Hence, 24 SAC curves
are considered.

3. Results

In Figure 1, the results of the Biot-JCAL fit is depicted
for both materials. Table 2 shows the parameters of
the Biot-JCAL model for melamine resin foam. In
Table 3, the Biot-JCAL parameters are listed for PET
fibre plates. To evaluate the overall agreement be-
tween fitted and measured SAC curves, the final loss
L of the optimized parameter set is also reported in
Table 2 and Table 3. The evolution of the optimized
parameters over diameter variations is depicted in
Figure 2. In Figure 2, it can be seen, that a varia-
tion of the diameter induces a correlating change of
some parameters. For example, o tends to decrease
with increasing specimen diameters in Figure 2a. An-
other example is given by the overall increase of ¢
with increasing diameters, which can be observed in
Figure 2b.

4. Conclusion

The proposed inverse-identification procedure provides
generally good agreement between the measured and
fitted sound absorption coefficient curves, as it can be
observed in Figure 1. This is quantified by low values
of the loss function for most configurations in Table 2
and Table 3. The main discrepancies are observed for
the melamine resin foam specimens with a diameter
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Figure 2: Evolution of Biot-JCAL parameters over diameter variations.

of d = 102mm and thicknesses of t = 60mm. The
variation in the evolution of the Biot-JCAL parameter
depicted in Figure 2 is contributes to understanding
the cause-effect relation between specimen diameter
and measured SAC. However, it still needs validation
through uncertainty considerations. Compared to the
JCAL model used in [5], the Biot-JCAL formulation
improves the prediction of the local minima associated
with the elastic motion of the material skeleton, indi-
cating that specimen compression can influence both
the visco-thermal and elastic response of porous ma-
terials. Nevertheless, the identified parameters should
be interpreted with caution because of the non-unique
nature of the ten-parameter inverse problem. Future
work will therefore focus on parameter sensitivity,
identifiability, and uncertainty quantification.
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Table 2: Inversely determined parameters of the Biot-JCAL model for Melamine Resin Foam. Values are rounded to
three significant digits.

Specimen JCAL (fluid) parameters Biot (elastic solid) parameters Loss

t d o Qoo A A k{ p1 E v Ns L

mm mm  Ns/m? — m m — kg/m3 Pa — — —

30 98 4.20-10%* 0.665 1.51 832-107° 1.23-10~* 1.00-10—% 10.8 4.12-10° 0.192 0.664 9.00-106
40 98 3.16-10* 0696 1 5.72-107° 1.50-10~* 1.00-10~1° 7.02 3.71-10° 0.336 0.859 1.61-10°
50 98 1.41-10% 0.842 1 6.02-1075 3.50-10"% 1.59-10"Y 7 4.94-105 0.0164 0.69 1.83-10°°
60 98 1.25-10* 0.99 1.14 2.07-10~* 2.08-10~* 1.00-10-% 7.38 6.09-10% 0.0104 0.99 8.14-10"6
30 100 1.00-10% 0.99 2.81 3.50-10~* 3.50-10~%* 9.40-107° 11 9.75-10* 0.372 099 5.52-107°
40 100 1.32-10%* 0.937 1.05 3.50-10"% 3.50-10—% 2.93.107° 11 1.64-10° 0.254 0.279 3.65-10°
50 100 1.35-10% 0.99 1.14 3.42-10~% 3.49.10~% 3.05-10~9 81 1.52-10° 0.258 0.366 4.58-105
60 100 1.22-10* 0.99 1 8.16-107° 3.50-10~% 2.44-107° 11 3.23-10° 0.281 0.161 1.24-10%
30 102 1.00-10% 0.732 2.22 821-10"° 3.50-10~% 1.00-10"8 7 1.22-10° 0.299 0.801 3.47-10"%
40 102 1.08-10* 0.99 1.33 3.50-10~* 3.50-10~* 4.07-107° 11 6.99-10* 0.313 0.136 1.28-10"*
50 102 1.16-10%* 0.99 1.44 3.50-10~* 3.50-10"% 3.63.-10"Y 11  1.54-105 0.242 0.166 5.15-10"%
60 102 1.36-10* 0.99 1 5.67-107° 3.50-10~% 3.15-107° 11 2.18-10° 0.269 0.162 0.0014

Table 3: Inversely determined parameters of the Biot-JCAL model for PET Fibre Plate. Values are rounded to three
significant digits.

Specimen JCAL (fluid) parameters Biot (elastic solid) parameters Loss
t d o Qoo A A k{ 1 E v ns L
mm mm  Ns/m* — — m m — kg/m3 Pa > g — —
30 98 3.33-10* 0.813 1.02 8.86-10~° 3.50-10~* 1.00-10=% 60 2.65-10* 0.419 0.99 4.18.-10~°
40 98 1.06-10* 0.983 1.18 1.95-10~% 1.96-10~% 1.00-10-% 40.2 8.82-10* 0.235 0.431 2.16-10°°
50 98 1.14-10%* 0.99 1.14 1.60-10"% 1.60-10~% 9.67-10~9 40 9.99-10* 0.244 0.99 243-10°
60 98 1.35-10* 0.881 1.12 1.35-10~% 1.35-10~* 4.20-1072 60 2.98-10° 0.243 0.99 7.94-10°6
30 100 1.92-10* 0.99 1 6.27-107° 2.31-10~* 9.38-1079 60 1.13-10° 0.258 0.238 1.38-10"°
40 100 1.21-10* 0.953 1.11 1.58-10~% 2.19-10~% 870-10-° 53.1 2.02-10° 0.263 0.153 1.21-10°°
50 100 1.09-10%* 0.99 1.27 1.90-10% 1.90-10~% 8.16-10"9 46,9 2.48-10° 0.289 0.152 2.05-10°
60 100 1.39-10* 0.883 1.03 1.12-10~% 1.94-10~* 6.50-10"° 60 6.79-10° 0.233 0.151 3.78-10"°
30 102 247-10* 099 1 4.78-1075 2.95-10* 1.00-10=% 60  1.32-10° 0.00958 0.306 3.95-10—°
40 102 1.32-10* 0.99 1.26 2.10-10-% 2.10-10~% 1.00-10-% 60 1.88-10° 0.303 0.171 2.11-107°
50 102 9.74-10% 0.99 1.04 7.44-107° 3.50-10~% 6.37-1079 44.8 2.66-10° 0.27 0.131 8.72-107°
60 102 1.09-10* 0.99 1 7.47-107° 3.50-107% 5.93-10~Y 43.7 4.93-10° 0.251 0.173 4.19-10~°
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