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Complex morphology of open cell porous media makes it difficult to link microstructural
parameters and acoustic behavior of these materials. While morphology determines the overall
sound absorption and noise damping effectiveness of a porous structure, little is known on the
influence of microstructural configuration on the macroscopic properties. In the present research, a
novel bimodal porous structure was designed and developed solely for modeling purposes. For the
developed porous structure, it is possible to have direct control on morphological parameters and
avoid complications raised by intricate pore geometries. A semi-empirical model is developed to
relate microstructural parameters to macroscopic characteristics of porous material using precise
characterization results based on the designed bimodal porous structures. This model specifically
links macroscopic parameters including static airflow resistivity (o), thermal characteristic length
(A), viscous characteristic length (A), and dynamic tortuosity (o) to microstructural factors such
as cell wall thickness (2¢) and reticulation rate (R,,). The developed model makes it possible to
design the morphology of porous media to achieve optimum sound absorption performance based
on the application in hand. This study makes the base for understanding the role of microstructural
geometry and morphological factors on the overall macroscopic parameters of porous materials
specifically for acoustic capabilities. The next step is to include other microstructural parameters as
well to generalize the developed model. In the present paper, pore size was kept constant for eight
categories of bimodal foams to study the effect of secondary porous structure on macroscopic prop-

erties and overall acoustic behavior of porous media. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4905834]

I. INTRODUCTION

Due to the complicated microstructure of open cell po-
rous media, engineering design of such material for optimum
acoustic performance can be rather intricate and is still an
open problem in the field. While existing acoustic models
relate sound absorption properties of porous media to macro
structural characteristics with acceptable accuracy, there is
an imminent need for understanding the effect of micro
structure on physical properties and overall acoustic behav-
ior of open cell porous media. Different approaches have
been proposed in the literature to link micro and macro prop-
erties of porous media. For more complicated cell structures,
empirical methods were developed. These methods use
direct measurement results to relate acoustic performance to
micro structure of that specific class of material.'™ In recent
years, scaling laws were employed to develop analytical
models of propagation of wave inside the microstructure,®'°
as well as numerical homogenization based on a representa-
tive unit cell.””''"='*

Advances in technology make it possible to apply rather
computationally intensive models to predict propagation of
wave in porous media. It is equally important to be able to
closely design the micro structure and control every detail to
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decrease the number of micro structural factors affecting
the final macroscopic behavior. Controlled design of micro-
structure provides the opportunity to study the effect of
each morphological parameter separately. As reported in a
previous study,'” a rather innovative foam fabrication
method involving particulate leaching has been used to fabri-
cate highly porous bimodal structures. These foams are fabri-
cated from bio-based polymers, Polylactide (PLA), and
Polyethylene Glycol (PEG), for sound absorption applica-
tions and acoustic modeling purposes. Particulate leaching
method was employed to fabricate the bimodal foams with
direct control on cell morphology of the resulting porous
structure. The foam fabrication method is explained in
details by Ghaffari e al.'> using sodium chloride as the main
particulates and PEG micro powder as secondary particulates
in a PLA matrix. Since PEG is soluble in PLA, final removal
of PEG micro particles leaves micro pores into the foam
structure, which makes the secondary porous configuration as
illustrated in Figure 1. Polymers used in these foams are
completely bio-based and environmentally friendly, therefore
successful development of such acoustic absorbers solves the
environmental concerns raised by existing petrochemical
based noise controllers.

Present paper reports a semi-empirical model developed
to relate micro structural properties to macroscopic charac-
teristics of eight bimodal porous structures designed through
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previous research.'” For this purpose, a representative unit
cell is considered based on the interconnected cell structure
under study. A similar approach has been presented by
Doutres et al.” for polyurethane foams.

In this context, the porous structure is considered to be
homogeneous and have a rigid frame, which remains motion-
less in contact with sound wave. The rigid frame assumption
is valid in the present case since the saturating fluid is air and
PLA foam has a rigid matrix. Normal incidence sound
absorption coefficient («) of the foams is measured directly
by two microphone impedance tube. Porosity () and static
airflow resistivity (¢) are measured directly as structural
properties. A fluid equivalent model based on the work of
Johnson-Champoux-Allard'® is applied using the direct char-
acterization results to obtain the three non-acoustic proper-
ties, tortuosity (o), viscous characteristic length (A), and
thermal characteristic length (A”).

In order to link microstructural properties of the porous
media to macroscopic characteristics, a representative cell
geometry based on the interconnected cubic cells is assumed.
Equations are developed to relate flow resistivity, thermal
and viscous characteristic lengths to two microstructural fac-
tors named reticulation rate (R,,) and half cell wall thickness
(#). Sections II and III discuss the porous structure under
study and the developed semi-empirical model.

Il. FOAM CHARACTERIZATION
A. Cell morphology

Scanning electronic microscope was used to study the
cellular structure of bimodal PLA foams. Figure 1(a) shows
the cell morphology of bimodal foam with 15 wt. % PLA.
Overall cell structure has cubic geometry due to the shape of
particulates used to fabricate the foams. This rather simple
cell geometry is ideal for modeling purposes and to study the
link between micro structure and overall acoustic properties
of porous media. Figure 1(b) shows the foam matrix with
higher magnification to demonstrate the secondary porous
structure extending through the foam by increasing the
amount of water soluble polymer. These micro pores form
the bimodal foam structure.'® Since PEG is soluble in PLA,
it melts during the molding process and penetrates into PLA
making micro openings in the foam skeleton after leaching.
Average cell size for all foam samples measured in the diag-
onal direction was in the range of 350 (*30) um and cell
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FIG. 1. SEM micrographs of foams
with 15% PLA and PEG/PLA equal to
0.3 with (a) magnification of 100 and
(b) magnification of 1000.

density of foams with 15% PLA was reported to be 11 x 10*
(£14000) cell/cm?® and for foams with 10% PLA was
20 x 10* (=16 000) cell /cm?."

Based on the cell morphology, bimodal foams are mod-
eled as a network of interconnected cubic cells as shown in
Figure 2. The microstructure of PLA foams is characterized
by cell size C, cell length /, cell wall thickness 2¢, and the
reticulation rate R,,. The representative unit cell is perforated
to account for the micro openings in the cell wall. Size and
position of the perforations are arbitrary and indicate the
high porosity of the foam structure.

The concept of “Reticulation Rate” at the cell size scale
is defined as the ratio of the open surface to the total cell
wall surface. In open cell porous material, the structure is
called “fully reticulated” if the interconnectivity between
cells is maximum in which case the cells will be connected
by thin struts. For the case of fully reticulated foams, the
limit of R,, is close to 1. If some of the pores are closed or
partially closed by thin membranes, the material is called
“partially reticulated.”

Bimodal PLA foams fabricated in this research are par-
tially reticulated. Different factors such as non-homogeneity
of the foam material affect porosity and reticulation rate of
foams.'”'® In the present paper, reticulation rate R,, will be
used as a microstructural parameter to apply the effect of
processing parameters into the proposed model. Cell length
and cell wall thickness can be estimated from SEM images
and porosity measurements. Reticulation rate of bimodal
PLA foams can be estimated from SEM micrographs and
thermal characteristic length results. The first step is to esti-
mate the geometrical values in the cell size level from the
previously characterized macroscopic properties as well as
SEM micrographs.

FIG. 2. Configuration of the representative unit cell.
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B. Structural properties

Five main structural properties of porous material
N,s]
b

including porosity (¥ [%], static air flow resistivity o [
dynamic tortuosity o, and viscous and thermal characteris-
tic lengths A [um], and A’[ um) are studied in the present
paper.

Porosity and static air flow resistivity of the biobased
foams were measured directly. Due to structural limitations,
direct measurement of tortuosity and characteristic lengths
was not possible without damaging the foam structure. For
this purpose, indirect methods were employed by
FOAMX ' code based on the fluid equivalent model of
Johnson-Champoux-Allard (JCA model). This method esti-
mates dynamic tortuosity and characteristic lengths of open
cell foams based on direct measurements of porosity, air
flow resistivity, and normal incidence sound absorption
coefficient.'® The JCA model considers the porous frame to
be rigid and not subjected to structural deformation by the
energy of the sound wave.

Porosity was measured based on ASTM D6226 standard
by gas pycnometer. Porosity of foams with 15% PLA is 82%
(+1.2) and for foams with 10% PLA is 88% (*+1.8)."° The
static airflow resistivity was measured according to the
ASTM C522 standard. Table I summerises the evaluated val-
ues of structural properties of bimodal foams directly meas-
ured and determind by Johnson-Champoux-Allard model.

C. Acoustic absorption

Normal incidence sound absorption coefficient of bio-
based foams was measured by two microphone impedance
tubes in accordance to ISO-10534-2 standard. An inverse
method based on Johnson-Champoux-Allard equivalent fluid
model was applied to the bimodal foams. This method uses
the direct characterization of acoustic absorption coefficient,
porosity, and static airflow resistivity to determine three
macroscopic structural properties (dynamic tortuosity, vis-
cous characteristic length, and thermal characteristic length)
by solving an optimization problem. To apply the JCA
model, four acoustic absorption curves measured directly for
different foam samples were used for each category. The
optimized solution with the best fit to the acoustic absorption
curves determines the estimation for tortuosity and charac-
teristic lengths. The accuracy of direct measurements for
acoustic absorption, porosity, and flow resistivity is very im-
portant in successful determination of estimated values.
Figure 3 shows the results of adjusting the simulation to
reproduce the measured sound absorption coefficient for bi-
modal foams. As evident from the graphs, the results of
inverse method are in good agreement with direct measure-
ments of normal incident absorption coefficient.'”

As observed from theoretical modeling results listed in
Table I, the value of tortuosity remains relatively constant by
increasing the water soluble polymer content. The formation
of bimodal structure does not affect tortuosity; this can be
explained by a closer look at the description of tortuosity. It
can be shown that for an ideal nonviscous flow, effective
density of the fluid is related to tortuosity by'®

TABLE I. Structural properties of bimodal PLA foams.

15% PLA

10% PLA

20% PEG 30% PEG 0% PEG 10% PEG 20% PEG 30% PEG

10% PEG

0% PEG

Foam material

J. Appl. Phys

82.14 (+0.56)
9.8 x 104 (=14700)

82 (+1.24) 82.17 (=0.7)
1.0 x 105 (£8000)

1.1 x 10° (+13200)

81.74 (+£0.48)
1.3 x 105 (=13000)

88.34 (+0.33) 87.55 (+0.79) 86.96 (=1.77)
6.7 x 10* (£5600) 7.4 x 10* (=12000)

8 x 10* (=11200)

88.06 (+0.74)
1.2 x 10° (=10800)

Porosity ()

Flow resistivity (N.s/m*)

Tortuosity o

1.44 (£0.41)
8.3 (+2.5)
159.7 (£23.3)

1.59 (+0.55) 1.48 (£0.47) 1.41 (*=0.82)

1.21 (=0.16)

1.2 (+0.05)
11.8 (+2.5)
166.7 (+17.7)

1.26 (x0.4) 1.26 (+0.05)

5.7(x1.5)
74.5 (%£19.6)

8.1(=5.2)
153.4 (+45.3)

10.1 (£1.5) 52(=2.1) 73 (£2.8)
81.1 (=18.7) 124.7 (£22.8)

167.4 (£30.5)

12.4 (+0.5)
149.7 (£17.1)

Viscous length A (um)
Thermal length A" (um)
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where p, is the density of saturating fluid and o, is the limit
of dynamic tortuosity when @ tends to infinity. Consider a
flow of nonviscous fluid with microscopic velocity at any
point N in the fluid denoted by v,,(N) and macroscopic ve-
locity by v(Np). The macroscopic velocity can be obtained
by averaging the microscopic velocity over a representative
elementary volume V around Ny'®

v(No) = (vm(N))y- )

The tortuosity is defined by the relation'®
oy = LWy (3)

Therefore, from the macroscopic velocity point of view,
the nonviscous fluid can be replaced by a fluid of density
OsopPo- The value of tortuosity is an intrinsic property of the
porous frame that depends on the micro-geometry.'® A tortu-
osity value larger than 1 is due to the dispersion of the micro-
scopic velocity in Eq. (3). This dispersion can be the result
of variations of the diameters of the pores. For example,
assume a material with identical pores parallel to the direc-
tion of propagation, made up of alternating cylinders as
shown in Figure 4.

Even for the case of nonviscous fluids, description
of inertial forces and evaluation of o, by Eq. (3) is very
complicated at the junction of the two cylinders. By assum-
ing constant velocities in each cylinder, Atalla et al.'®
proposed the following approximation for evaluating the
tortuosity

2

FIG. 4. Schematic of primary and secondary pores.
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Here, S, and S; are the cross section area of large and
small pores, respectively. For the bimodal structure, the
main pores are the larger cell dimensions, while the micro
pores resemble the smaller voids caused by cracks. If the
order of magnitude of small pores is much less than large
pores as is the case here, then the limit of Eq. (4) is

1152 X lgSz
(I + 1,)*S1S,

12S1 X 12S2 11S2
=41
(l] +12) 51S2 IZSI

1%

%oo

(&)

Addition of water soluble polymer makes micro open-
ings in the cell wall, which can be represented by r; in
Figure 4. A minor decrease in the tortuosity values was
observed by adding the water soluble polymer. Considering
Eq. (), by increasing the water soluble polymer content, the
crack area S; will increase, while the thickness 1; remains
unchanged, which explains the slight decrease in tortuosity
values. In the case of increased cell wall thickness (by using
higher polymer content in the foam structure), on the other
hand, 1; increases more significantly, while S; remains
unchanged for any water soluble polymer content, resulting
in higher tortuosity values for foams with 15% PLA than the
ones with 10% PLA. As observed from SEM images, the
dimension 1; is increased by 60% from foams with 10% PLA
to the ones with 15% PLA. The effect of this increase was
observed on the tortuosity values, increasing tortuosity from
an average of about 1.2 to 1.5.

Based on the inverse characterization results, values of
thermal characteristic length increase by increasing the PEG
content. In other words, as the bimodal structure extends
throughout the foam, surface area of the cell structure which
is in contact with the saturating fluid decreases. This decrease
happens due to more openings made in the cell walls caused
by cracks, which in turn decreases the wet surface or the cell
surface in contact with the saturating fluid. Evidently, higher
polymer content makes thicker cell walls and more solid foam
structure. This results in fewer openings in the cell walls and,
therefore, bimodal foams with higher polymer content gener-
ally have lower values of thermal length.

Viscous characteristic length increases by the formation
of the secondary porous structure inside PLA foams. This was
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expected since viscous characteristic length reflects the im-
portance of airflow in the pores and, thus, represents the
smaller pores due to the high air particle velocity at these
locations. Viscous length is inversely correlated to flow re-
sistivity of porous structure. Formation of bimodal structure
decreases flow resistivity, which results in higher values of
viscous characteristic length. Decreasing the polymer con-
tent reduces the flow resistivity as well which is the reason
for higher viscous length of foams with 10% PLA compared
to foams with 15% PLA.

lll. LINK MICROSTRUCTURE TO MACROSCOPIC
PROPERTIES

To be able to apply analytical methods to any porous
medium for prediction of acoustic behaviour, the structure of
the material must be homogenuous. Homogeneity of the
foam samples was tested in impedance tube by comparing
the acoustic absorption curves from both sides of foams. As
explained in detail by Mosanenzadeh et al.,'® the two curves
are identical, which indicates the homogeneity of the fabri-
cated porous structures. Homogeneity of foam samples
improves by increasing the amount of water soluble polymer
due to decreased flow resistivity.

A. Estimation of cell length and cell wall thickness

As obtained from SEM micrographs, the average cell
size of PLA foams is in the range of 220 um because of the
salt particles size. Due to the simple geometry of the cells,
cell wall thickness can be estimated from porosity measure-
ments with high accuracy. Porosity is a purely geometrical
macroscopic parameter and can be defined as the ratio of the
fluid volume V; to the total volume V;, as given by Gibson
and Ashby.® For highly porous materials

Y

b=1 (©)

For cubic cells shown in Figure 2 and without taking
into account the effect of the small perforations, it can sim-
ply be written as

Y F

TRV

(7

where ¢ is half wall thickness. Equivalent wall thickness can
thus be estimated from the direct measurement of porosity
and the estimation of cell length from SEM pictures as

t—é(\}}a—l). 8)

For example with /=220um estimated from SEM
micrographs, and ¢ = 0.88, half wall thickness is
t = 4.79 um, which is in agreement with the measurements
based on SEM micrographs. Use of porosity measurements
to determine the wall thickness can be trusted here since the
standard deviation on porosity measurements is less than
1%. Therefore, for bimodal foams with 10% and 15% poly-
mer, the cell wall thickness estimate is as follows

J. Appl. Phys. 117, 034305 (2015)

10% PLA Foams : & = 0.88 — t = 4.79 um,

Measuredvalue for average half wall thickness — t = 4.7 um,

15% PLA Foams : (J = 0.82 — t =7.52 um,

Measuredvalue for average half wall thickness — t =7.5 ym.

The difference between estimated and directly measured
values of half cell wall thickness is less than 2%. Due to the
simple cell geometry of the fabricated foams, microscopic
parameters can be traced right to the actual macroscopic
properties, which are directly measured. Therefore, for any
desired cell wall thickness, the necessary amount of polymer
needed for the cell structure can be calculated.

B. Thermal characteristic length

Thermal length is also a macroscopic geometrical pa-
rameter defined as the ratio of twice the fluid volume V; fo
the wet surface A.'® The simplified geometry of PLA foams
resulted by the particulate leaching method, makes it possi-
ble to analytically derive this parameter based on geometri-
cal properties as shown in Figure 2

e 2r

A/
A A(1—R,)+ (A —A)R,’

€))

where A; is the total surface of interior cell walls and A; is
the total surface of each cell including the cell wall thick-
ness. In other words, formation of cracks increases the retic-
ulation rate by making openings in the cell wall and,
therefore, decreases the wetted wall surface. In parallel,
cracks going through the wall, increase the contact surface of
the foam structure along the cell wall thickness. Therefore,
Eq. (9) becomes

- 28
62(1 —R,) + 6((1+26)° — 2)R,,

7 2P
~ 62(1 —R,) +24t(I +1)R,,

(10)

Since cell wall thickness is much smaller than the cell
wall length and considering the order of magnitude of /° to ,
the effect of the surface area caused by cracks is negligible.
The added wet surface along the cell wall thickness does not
considerably affect the thermal characteristic length. As a
result, the second term in the denominator of Eq. (9) has an
order of magnitude much lower than the first term and does
not affect the overall outcome. On the other hand, foams
under study are partially reticulated and R,, is not equal to
one anyways, therefore, the following approximation will be
used for thermal characteristic length

28

[
A= 612(1 —R,)

(11)
As the reticulation rate increases, the denominator in

Eq. (11) diminishes, which results in higher values for ther-
mal characteristic length. With the limit of R,, going to zero,
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the thermal length will be equal to % = 73.3 um based on cell
geometry. This is the lower limit of thermal length and any
logical feasible values must be above this limit. Equation
(11) can be used to estimate the reticulation rate as

l

R, =1 AN (12)
From the thermal length values derived by inverse char-
acterization method, reticulation rate can as well be esti-
mated. Estimated values of reticulation rate by Eq. (12) are
listed in Table II. It is noteworthy that by adding the water
soluble polymer, reticulation rate of the foams increase to
more than 31 times the original PLA foams for both 10%
and 15% polymer contents. This increase is then leveled off

for higher amounts of water soluble polymer.

C. Airflow resistivity

For a porous material with pores of circular cross-
sections, flow resistivity is given by'®

81
= (13)
For rectangular pore cross sections, Eq. (13) becomes'®
n
0= W ) (14)

where R is the hydraulic radius of pores, 7 is air viscosity
(1.85 x 107> Pa.s), and (J is porosity.

For PLA foams, tortuosity does not considerably change
with reticulation rate based on inverse characterization
results and is only affected by cell wall thickness. To extract
the effect of tortuosity, it can be considered as a known value
based on the characterization results in the equation describ-
ing the flow resistivity as shown in Eq. (14). In the case of
PLA foams with rectangular cells, hydraulic radius can be
replaced with half-cell length //2.  and (& are not a func-
tion of reticulation rate either. Therefore, Eq. (14) can be
modified to account for the changes in flow resistivity based
on reticulation rate

—=(R,)" =Eid'(R,)". (15a)

Here, E; and E, are the empirical coefficients, which
will be evaluated for bimodal PLA foams using the experi-
mental data. Measured values of flow resistivity for different
reticulation ratios are plotted in Figure 5. The power equa-
tion with the best fit to the experimental data gives the

TABLE II. Estimated values for reticulation rate from theoretical definition
of thermal characteristic length.

Foam material 10% PLA 15% PLA
0% PEG 0.0157 0.0958
10% PEG 0.5101 0.4119
20% PEG 0.5601 0.5219
30% PEG 0.5619 0.5408

J. Appl. Phys. 117, 034305 (2015)
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FIG. 5. Comparing the dependency of flow resistivity to reticulation rate,
analytical, and experimental values.

analytical values shown in Figure 5 and determines the val-
ues of E| and E, coefficients. As theoretically expected and
also observed through experimental results, flow resistivity
increases by increasing the cell wall thickness. In Eq. (15a),
the effect of cell wall thickness on flow resistivity is
imposed by porosity (). ¢’ is a function of tortuosity, po-
rosity and cell wall length and can be calculated based on
previously measured and derived values for these parame-
ters. Therefore, the value of ¢’ for each polymer content
will be

N.
For PLA foams with 10% polymer : ¢ = 14549.8541 —:,
m

N.
For PLA foams with 15% polymer : ¢ = 19576.4054 —4s.
m

Using Eq. (15a), the values of coefficients £ and E, can
be derived from the experimental data. For foams with 10%
polymer, Eq. (15a) becomes

0.15
o = 66955 (R,) """ = 4.60 x ¢’ (R—) (15b)
and for 15% polymer : ¢ = 91755 (Rw)*o-152
1\015
=4.69 x ¢ (R_w> . (15¢)

For Foams with 10% and 15% PLA, the graphs compar-
ing the dependency of flow resistivity to reticulation rate are
shown in Figure 5. These graphs include the experimental
data as well as analytical values determined by the proposed
model. As observed from Figure 5, the two values are very
close and Eqgs. (15b) and (15c) accurately simulate the de-
pendence of flow resistivity to microstructural properties of
bimodal foams. The importance of these two equations is in
the fairly close values determined for coefficients E; and E,.
Therefore, one unique equation can be derived to link flow
resistivity of bimodal foams to its microstructural properties.
The fact that identical values were obtained for E; and E,
coefficients proves the validity of Eq. (15a) for the bimodal
foam category under study. Developing such equations
makes it possible to accurately design any given foam struc-
ture to demonstrate certain macroscopic properties by tailor-
ing reticulation ratio and microstructural parameters



034305-7 Mosanenzadeh et al.

0.15
c=46xd 1 .
R,

In Eq. (15d), the effect of cell wall thickness on flow re-
sistivity is applied by ¢’; therefore, this equation links flow
resistivity to cell wall thickness and reticulation rate.

(15d)

D. Tortuosity

Dependency of tortuosity to cell geometry has been
explained before and tortuosity was found to be constant for
different values of reticulation rate in bimodal foams. Figure
6 shows the deviation of characterization results for tortuos-
ity from the estimation. On the other hand, tortuosity was
affected by the cell wall thickness and it was determined that
tortuosity of 15% PLA foams is 1.5 and for 10% PLA is 1.2.
As explained by the following relations:

Fao1s% 13 _ o5

(16a)
Aor0% 1

It is also interesting to note the ratio of square root of
cell wall thicknesses

a
b

5% _ V152
V0%

It was observed that tortuosity is proportional to the
square root of cell wall thickness in partially reticulated open
cell foams as expressed by Eq. (16¢)

Oy X VT,

Obviously more study must be performed to present an
analytical equation relating tortuosity to cell wall thickness
and Eq. (16¢) is only pointing out an observation.

The present biobased foams are specifically fabricated
to study the effect of micro structure on macroscopic proper-
ties of porous media. To serve this purpose, the particulate
leaching method was used to have the utmost control on cel-
lular structure of the porous material. Disadvantage of partic-
ulate leaching method is the high flow resistivity of the
resulting foams compared to other foaming methods (gas
foaming, chemical foaming, etc.). As a result of higher flow
resistivity of foams fabricated with lower amounts of water

=1.253.

(16b)

(16¢)
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soluble polymer, the standard deviation of acoustic absorp-
tion coefficient measurements is higher. Which, in turn,
results in increased standard deviation in tortuosity values
obtained by inverse characterization method. This explains
the larger error bars on the points representing the tortuosity
of foams with lower reticulation ratio.

E. Viscous characteristic length

Viscous characteristic length defined by Johnson er al.?!

replaces the hydraulic radius in materials with cylindrical
pores to account for more general micro geometries.

Johnson et al. have defined the characteristic dimension
A by

J vi(r)av

A=22 (17)
J Vi (r)dA
A

For a static flow of nonviscous fluid in the porous struc-
ture, v;(ry) is the velocity of the fluid on the pore surface and
the integral in the denominator is performed over the pore
surfaces A in the representative elementary volume. The ve-
locity v;(r) is the velocity inside the pores; the integral in the
numerator is performed over the volume V of the pore.'®

Viscous characteristic length given by Eq. (17) is
derived assuming the porous frame to be rigid and it depends
only on the geometry of the frame. It has been noted by
Johnson er al.?' that A and the flow resistivity are related by

1 (T
A_C<—G®). (18)

For square cross sectional geometries, coefficient ¢ is
obtained by Allard and Atalla'® to be 1.07. To account for effect
of reticulation rate on viscous length, Eq. (18) can be modified to

1
L (Thnos \? E
A=—0 — Es(R,)™
1.07( > 3(Rv)

oD (19a)

where Ej3and E4 are coefficients, which will be derived
based on experimental data for bimodal PLA foams.
Therefore, for different polymer contents, the value of Ej is

For PLA foams with 10% polymer : E3 = 12.811 um,

24 3
2 251
§ 1.6 - g 2
Z &
R, . * - T NS, S
S S 1.5 % o Xl FIG. 6. Tortuosity values for PLA foams
E 08 - :‘o: |- with (a) 10% and (b) 15% polymer.
0.4 @ 0.5 4 (b)
0 T T 0 T
0 0.2 0.4 0.6 0 04 0.6
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For PLA foams with 15% polymer : E3 = 9.5237 um.

It is interesting to note that

Ey%pa _ 123811
E 9.5237

=1.345
315% PLA

and also the ratio of the previously defined parameter ¢’ for
15% polymer to that of 10% polymer is equal to

%\5% pia _ 19576.4054
T 14549.8541

o = 1.346,
10% PLA

which is equal to the ratio of coefficient E5 for 10% polymer
over that of 15% polymer. Therefore, Eq. (19a) for foams
with 10% polymer becomes

186398.18
A =12811(R,)"*" = ——"—(R,)"* (19b)
o
and for 15% polymer, we have
186439.81
A =9.5237(R,)"* = % (R,)"°. (19¢)

Even though the initial coefficients in Eqs. (19b) and
(19¢) are not equal, when divided by ¢’ the two coefficients
become relatively equal and independent of the polymer con-
tent. As a result, a single equation is developed explaining
the link between viscous characteristic length and micro-
structural properties of open cell foam

186 x 107

O-/

A (R)**. (19d)

As illustrated by Eq. (19d), effect of cell wall thickness
is implied by ¢’ and viscous characteristic length decreases
by increasing thickness.***?

Increasing the reticulation rate on the other hand results
in growing values for viscous length. The relation between
viscous characteristic length and reticulation rate for bimodal
foams with 10% and 15% polymer is illustrated in Figure 7.
Experimental results are in agreement with the proposed
semi analytical equation.

The proposed semi analytical model links microstruc-
tural parameters to the macroscopic characteristics of bi-
modal foams fabricated through this study. These equations

16
14

—
(%]

10% PLA-Experimental data
010% PLA-Analytical values
15% PLA-Experimental data

A 15% PLA-Analytical values

Viscous Length (jpm)
=
—l—
—

- (=) -]
—Pp—

(%]
L

Rw

FIG. 7. Comparing the dependency of viscous length to reticulation rate,
analytical, and experimental values.
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provide the means to design the porous cell structure based
on any desired macroscopic property to optimize the per-
formance of fabricated open cell foams.

IV. CONCLUSION

In the present study, a semi-empirical model was devel-
oped to study the effects of bimodal structure on macro-
scopic and acoustic properties of porous medium. As the first
step, an inverse method based on two microphone impedance
tube measurements was applied to eight sets of bimodal PLA
foams. This procedure requires direct measurement of open
porosity, flow resistivity, and an impedance tube measure-
ment of acoustic absorption coefficient. An inverse charac-
terization of the non-acoustic properties (tortuosity, viscous,
and thermal characteristic lengths) is then performed based
on Johnson-Champoux-Allard equivalent fluid model to
solve an optimization problem. This method adjusts proper-
ties in the model to reproduce sound absorption coefficient
measurements. Results of inverse method are in good agree-
ment with direct measurements of normal incidence absorp-
tion coefficient.

By applying scaling laws to the data collected for bi-
modal foams, analytical equations were proposed for flow re-
sistivity and viscous characteristic length. These equations
link flow resistivity and viscous characteristic length with
micro structural parameters such as cell wall thickness and
reticulation rate. Although the proposed model is based on
fabricated bimodal foams and cannot be applied to various
porous structures, this study presents tools to improve the
understanding on the effect of microstructure and reticula-
tion rate on the overall acoustical behavior of open cell po-
rous materials.
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