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A method for estimating acoustic absorption in foams is presented using a combination of micro-
computed tomography, finite element analysis, and boundary layer loss theory. In the method, the
foam is assumed to be rigid framed and the viscous and thermal boundary layers at the fluid and
frame interface are assumed to be small compared to foam dimensions. The boundary layer losses
are approximated using an infinite planar model. The method is demonstrated for a commercially
available open-cell metallic foam and allows for absorption to be estimated without determination
of any intermediate variables that are required in existing methods. Enhancement of sound absorb-
ing properties by selection of foam properties, such as porosity and pores per inch, is discussed.
Furthermore, predicted absorption trends agree with other published models and experimental data.
A simplified, two-dimensional geometry is presented in which the assumptions of this method are
analyzed. https://doi.org/10.1121/1.5119224
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I. INTRODUCTION

Materials that are light-weight, stiff, and highly damped
are crucial for structural acoustic and vibration design con-
siderations. Metallic foams can be engineered to achieve
these properties in order to reduce sound and vibration for a
variety of aerospace, maritime, and automotive applications.

Metallic foams are composites that consist of a complex
porous metal microstructure saturated by a fluid. They can
be closed-cell or open-cell with respect to pore connectivity.
A number of manufacturers of metallic foam exists, however
there is limited technical information available regarding
vibration or acoustic properties from these manufacturers.
This paper proposes a method to characterize acoustic prop-
erties in porous materials. The method consists of four steps.
The first step is creating a high-fidelity representation of the
foam geometry using micro-computed tomography (micro-
CT). The second step is the construction of a finite element
model whose mesh includes the saturating fluid. The third
step is an acoustic analysis using the finite element method.
The fourth step is an estimate of dissipation using existing
boundary layer theory.1,2 Using this method, acoustic
absorption trends are predicted and modeled for a commer-
cially available metallic foam. The sound absorption as a
function of common foam specifications such as relative
density and pores per inch (PPI) is discussed.

This method is demonstrated by considering a normally
incident pressure excitation on a layer of metallic foam. The
metallic foam is not a periodic structure. However, there are
approximate finite element methods,3 which enable use of
periodic boundary conditions with mismatching geometries.
Therefore the proposed method could be utilized with more
general excitations such as oblique incidence.

The complex microstructure of metallic foams makes
them difficult to analyze numerically; however, techniques
have been developed to mesh and model exact microstructures.
Using a combination of micro-CT scanning, image processing,
and meshing software, complete three-dimensional (3-D)
meshes can be created from physical samples and imported
into finite element (FE) software to study microstructural phe-
nomena. The advantages of this method are the ability to cap-
ture the true microstructure of the material and to visualize the
solution field of interest. This technique has been used in the
literature, for example, to examine elastic and plastic behavior
of an open-cell metallic foam subject to tension4 and a closed-
cell metallic foam in compression.5 Micro-CT scans have also
been used for studying foam statistics and constructing repre-
sentative unit cells.6

Experimental measurements have been used to character-
ize sound absorption in both open-cell and closed-cell foams.
In general, open-cell foams have superior sound absorption
because they allow propagation of the acoustic wave further
into the material, whereas much of the energy is purely
reflected for closed-cell foams. Lu et al.7 improved sound
absorption in a closed-cell aluminum foam by modifying the
foam through rolling and hole drilling processes. Han et al.8

looked at effects of pore size, sample thickness, and inclusion
of an air-gap backing for an open-cell aluminum foam fabri-
cated through a high-pressure infiltration process. They found
that smaller pore sizes had the best absorption when there
was no gap, while inclusion of an air gap increased absorption
because it changed the resonant conditions.

Additionally, Ke et al.9 fabricated an open-cell foam,
which had a graded microstructure. This gradual decrease in
pore size across the thickness of the sample led to superior
absorption compared to a foam with larger uniform pore size
fabricated by the same method. Experimental difficulties
can, however, arise from limited test frequency range due toa)Electronic mail: mcops@bu.edu
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impedance tube constraints, limited sample size, difficulty
machining metallic foam samples to exact dimensions, and
definition of the front (leading) surface for porous materials
in an impedance tube.10

To overcome these difficulties and to provide further
insight on absorption mechanisms, many modeling efforts
have been proposed. Most modeling efforts for metallic
foams have relied on the assumption that the foam skeleton
acts as a rigid frame, and there is one acoustic wave that prop-
agates through the fluid surrounding the foam.7 In this way,
the foam and surrounding fluid can be treated as an effective
fluid medium,11 in which two frequency dependent complex
parameters are necessary to characterize the foam absorption.

One of the most prevalent models is the Johnson–
Champoux–Allard (JCA) model,12,13 which uses five inde-
pendent properties of the foam (porosity, permeability,
tortuosity, thermal characteristic length, and viscous charac-
teristic length) to characterize the viscous and thermal acous-
tic losses. This model was extended by Lafarge et al.14 to
include an additional term, the static thermal permeability
[Johnson–Champoux–Allard–Lafarge (JCAL) model], and
by Pride et al.15 to include two additional tortuosity
terms [Johnson–Allard–Champoux–Pride–Lafarge (JACPL)
model]. Use of these models requires either direct measure-
ment or computational modeling to determine the five to
eight material parameters that describe the foam. These
models have also been used to propose absorbing layer
designs, for example, closed-cell metallic foams with perfo-
rations16 and lattice type fibrous materials.17 Furthermore,
Wang and Lu18 proposed a point-matching method for opti-
mizing acoustic properties for some cellular solids, but was
limited to two-dimensional (2-D) structures. Lu et al.19

developed an analytical model for idealized foams made
through a negative-pressure infiltration process; however,
they were limited in looking at foams of void fractions up to
0.7 while many metallic foams are made from different pro-
cesses, have different microstructure, and can have void
fractions up to 0.97.

In Sec. II, the materials and method used to estimate
absorption are described. The advantage of the method is the
ability to create high fidelity finite element models of metallic
foam from micro-CT scans and use those models to estimate
sound absorption without the determination of any intermedi-
ate variables. Section III presents results of the method with
comparisons to published theory and experimental data. By
using the method, effects of viscous and thermal losses can be
analyzed independently. Finally, Sec. IV presents a study on
the accuracy of the method on a 2-D geometry designed to
represent a foam pore.

II. NUMERICAL ANALYSIS

A. Materials and methods

Aluminum foam samples with approximately 9% nomi-
nal relative density and 40 pores per inch were obtained
from ERG Aerospace Corp. (Duocel) for this study. Samples
were cut smaller than 1 cubic inch and imaged (Fig. 1) with
a Scanco micro-computed tomography scanner at Boston
University.

The commercial software Simpleware ScanIP was uti-
lized to create FE meshes, utilizing image thresholding and
smoothing filter algorithms available with this software.
Meshes of both the foam and void space surrounding the
foam were created, as shown in Fig. 2. For the acoustic anal-
ysis presented here, the rigid frame assumption is employed
due to the high stiffness of metallic foam relative to air,18

thus only the air in the void region is modeled.

B. Acoustic finite element analysis

In this paper, the normal incidence absorption coeffi-
cient is considered in air. A metallic foam layer 6 mm by
6 mm in cross section and 48 mm in thickness was con-
structed from the mesh in Fig. 2(B) for later comparison to
published data. The Helmholtz equation is solved in the void
region of the foam, applying a specified pressure amplitude
at one end of the layer and rigid boundary condition at the
other end. The lateral faces of the layer had zero-normal-
velocity imposed. The mesh is resolved such that there are at
least ten nodes per acoustic wavelength at the highest fre-
quency, 6 kHz in this study. The commercial software
COMSOL Multiphysics was used. The solution fields are
shown in Fig. 3 for 6 kHz. In this analysis, the applied pres-
sure amplitude was real, the sample was rigidly backed, and
there was no intrinsic material damping in the finite element
model. Therefore, the velocity everywhere is out of phase
with the pressure. As a result, the complex pressure field is
purely real and the complex velocity field is purely imagi-
nary. At 6 kHz, the acoustic wavelength in air is 5.7 cm. This
is greater than the sample thickness of 48 mm and much
greater than the pore diameter of approximately 1 mm, thus
the acoustic field is not strongly affected by the foam micro-
structure. However, there is a 3-D velocity field at the fluid
and frame interface from which both an accurate tangential
velocity profile and corresponding surface area of the mesh
are needed from the finite element solution.

FIG. 1. Single image from a micro-CT scan showing cross sectional view of
a Duocel 40 PPI aluminum foam. Light region is the aluminum and dark
region is the air.
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Note that damping in the air is ignored in this step. The
calculation of losses is discussed in Sec. II C below. One
could consider utilizing a complete numerical thermoviscous
acoustic solver for this case, solving a form of the linearized
Navier!Stokes equations in the frequency domain. However,
this method is computationally intensive because the mesh
must resolve spatial variations in the boundary layer, which
decreases with an increase in frequency. For example, at

0.5 kHz the viscous boundary layer is 98 lm, and at 5 kHz it
is 31 lm in air. Thus for a complex microstructure with
dimensions on the order of 50 mm, a complete thermoviscous
solution is computationally infeasible. In Sec. II C, an alterna-
tive, computationally efficient method is presented which lev-
erages boundary layer theory for the case of small boundary
layer to estimate acoustic losses.

C. Thermal and viscous losses

The estimation of absorption from thermal and viscous
losses is carried out in the regime where the boundary layer
is small compared to geometry. This method has been pre-
dominantly used for resonators and cavities with relatively
simple geometries.1,2,20 To the authors’ knowledge, this
method has been partially discounted20 and not been previ-
ously used elsewhere for estimating absorption in porous
materials. This is likely due to either difficulty modeling the
exact microstructure or the porous absorbers themselves hav-
ing geometry at similar length scales to the boundary layer.
Indeed for many foams, the latter can be true over a large
frequency range. However many foams (including metallic
foams) can have pores sizes on the mm scale and boundary
layers on the order of 15–100 lm between 0.5 and 20 kHz.
This means the foam dimensions are 1–2 orders of magni-
tude larger than the boundary layers, which warrants investi-
gation of using the boundary layer loss theory for porous
materials. The analysis begins by considering a fluid oscillat-
ing over a rigid flat wall. Following previously deriva-
tions,1,21 the solution for the tangential or shearing velocity
profile is

uðy; tÞ ¼ ut e!y=dv cos xt! y

dv

! "
! cos ðxtÞ

# $
; (1)

where dv is the viscous boundary layer thickness

dv ¼
ffiffiffiffiffiffiffiffiffiffiffi
2!=x

p
; (2)

and the tangential velocity u is a function of height y above
the wall and time t. The velocity ut is the fully developed
tangential velocity amplitude just outside the boundary layer,
! is the kinematic viscosity, and x is the angular frequency.
The shear stress at the wall is

s ¼ l
du

dy
¼ q!

ut

dv
ðsinðxtÞ ! cosðxtÞÞ; (3)

where q is the density and l is the dynamic viscosity.
Approximating the boundary layer as small, one can write an
expression for the dissipated power per unit area, averaged
over one acoustic period as1

dEs

dt

& '

v
¼ 1

2
qu2

t

ffiffiffiffiffiffi
x!
2

r
: (4)

From Eq. (4), it is clear that the viscous power dissipated per
unit area is a function of the velocity just outside of the bound-
ary layer, ut, thereby allowing velocity fields computed from

FIG. 2. Meshes constructed from micro-CT scans for (A) the metal foam
and (B) the void space.

FIG. 3. Semi-transparent view of solution field at 6 kHz for (A) real compo-
nent of pressure and (B) imaginary component of velocity. The applied pres-
sure is at the top of the figure.
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an undamped acoustic analysis to be used as an approximation
in the limit of small boundary layer.

The analysis for thermal losses is similar to that of vis-
cous losses. Temperature fluctuations give rise to pressure
fluctuations, and using an ideal gas relationship, the resulting
thermal power dissipated per unit area can be written as1

dEs

dt

& '

th

¼ 1

2
ðc! 1Þ p2

qc2

ffiffiffiffiffiffiffi
xD

2

r
; (5)

where c is the specific heat ratio, p is the pressure right out-
side the boundary layer, c is the sound speed, and D is the
thermal diffusivity. The thermal boundary is

dt ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2D=x

p
: (6)

To calculate the total power absorbed, Eqs. (4) and (5)
are integrated over the appropriate surface area. For a metal-
lic foam, this is the outer surface area of the foam. For vis-
cous losses, only the tangential component of velocity across
a surface contributes to losses, and this must be tracked in
the integration. By definition, the absorption coefficient is
the ratio of absorbed power to incident power, and can be
estimated from the acoustic analysis and implementation of
boundary layer loss theory:

a ¼

ð

S

dEs

dt

& '

v
þ dEs

dt

& '

th

dS

Pin
; (7)

where Pin is computed from the acoustic analysis boundary
condition of applied pressure. All properties used for air in
the simulation and loss calculations are listed in Table I.

III. RESULTS AND DISCUSSION

A. Absorption results and model verification

The absorption coefficient versus frequency for the alu-
minum metallic foam is show Fig. 4. An important capability
of this approximate analysis is the ability to independently
analyze the viscous and thermal losses. It can be seen that
viscous effects dominate. In general, the directionality of the
foam microstructure would affect the thermal losses.
However, for air at the frequencies studied in this paper, the
thermal boundary layer is so small (e.g., approximately
80 lm at 1 kHz) that the thermal losses are not highly due to
local effects, but are dominated by changes in the overall
pressure field (through ideal gas relationships). Also, there
appears to be an onset of two peaks (at 2.4 and 5.8 kHz);

these are related to damped resonances of the layer.
Specifically, consider a tube of air closed at one end and open
at the other, with a thickness of 48 mm. If damping is
neglected, the standing modes can be computed from
fn ¼ nc=4L, where n is an odd integer (1,3,…), c is the sound
speed, and L is the length. The first two modes are
f1 ¼ 1.79 kHz and f2 ¼ 5.36 kHz. Although it is not expected
that the undamped modes match the absorption modes exactly,
it can be seen that the periodicity of the absorption peaks can
be attributed to sample length due to very similar change in fre-
quency between the first two modes for both cases.

For validation, the proposed method was compared to
published experimental data22 and implementation of the
JCAPL model,22 shown in Fig. 5. There is good agreement
between all three except at low frequencies, in which the
experimental data show a resonant spike, which is likely an
experimental artifact.

B. Effects of porosity and PPI

Metallic foams, such as those manufactured by ERG, can
be fabricated with varying relative densities and PPI while

TABLE I. Air properties used in simulations and loss calculations.

Variable Value Unit

q 1.2 kg/m3

c 343 m/s

D 2.170 & 10!5 m2/s

! 1.515 & 10!5 m2/s

c 1.4 —

FIG. 4. Viscous, thermal, and total acoustic absorption of 40 PPI Duocel alu-
minum foam of thickness 48 mm computed from the approximate method.

FIG. 5. Comparison of acoustic absorption with published JCAPL model
(Ref. 22) and test data (Ref. 22).
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retaining similar geometrical structure. Since viscous and ther-
mal losses are integrated over the surface area of the foam, it
follows that foams with a larger surface area will be better
absorbers, as long as the assumption of small boundary layer
remains valid. The following analysis is a way to predict how
surface area scales with changes in foam parameters.

An ideal unit cell for an open-cell foam, proposed by
Gibson and Ashby,23 consists of interconnected square beams
with thickness t, and length L. From mass and geometrical rela-
tionships, the following can be derived. The volume, relative
density, surface area, and PPI scale, respectively, as

V / L3; (8)

qf

q
/ t2

L2
; (9)

SA / tL; and (10)

PPI / 1

L
: (11)

Thus the specific surface area, defined as the foam surface
area divided by the bulk volume, is

SSA / 1

L

ffiffiffiffiffi
qf

q

r
: (12)

It is expected that the specific surface area increases
with increasing PPI and increasing square root of relative
density. To study this effect, a total of eight meshes of vary-
ing relative density for 20 PPI and 40 PPI metallic foam
were analyzed. An additional micro-CT scan of a 20 PPI
metallic foams was done. To create models with varying rel-
ative density, image thresholding was controlled in ScanIP
in order to retain the same PPI structure but create a new dig-
ital design of a realistic structure that could be fabricated.

The specific surface area versus relative density was calcu-
lated from the meshes and plotted in Fig. 6; the trends pre-
dicted from Eq. (12) are apparent. The analysis described in
Sec. II was utilized for all meshes and the absorption is plotted
in Fig. 7. The trends indicate that the optimum absorption is

achieved for larger PPI (smaller pore sizes) and higher relative
density.

Similar results have been reported in the literature for
pore size,8,9,19 although the type of metallic foam, fabrica-
tion method, and fluid medium can all effect this trend.

This is more apparent considering relative density; con-
tinuing to increase relative density (and decrease void fraction)
drives the material to becoming less like a foam, and more like
a solid metal, thereby increasing reflected energy and reducing
sound absorption performance. Typically this would be for
higher relative densities [20%!25% (Ref. 24)], that are above
the values studied in this paper and even above fabrications
limitations of some manufacturers, including ERG.

IV. REGIMES OF ACCURACY

This section presents the accuracy of the approximation
compared to a complete thermoviscous acoustic FE solution
using a 2-D geometry designed to be representative of a
pore. The accuracy of the approximation depends on the
length scales of the foam compared to the thermal and vis-
cous boundary layers of the surrounding fluid. In particular,
there are a few lengths that should be considered. The
approximation cannot accurately predict interactions of
overlapping boundary layers; therefore the radius of a pore
should be much greater than the boundary layer thickness.
The approximation is also derived based on a velocity and
pressure profile over an infinite flat plate. In a foam, there

FIG. 6. Specific surface area versus relative density for eight different
meshes created through image thresholding in ScanIP.

FIG. 7. Absorption coefficient versus frequency for varying relative density
for (A) 40 PPI and (B) 20 PPI.
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are curved and finite surfaces in which the velocity profile
will differ from the velocity profile derived for the infinite
flat plate. For example, as shown in Fig. 8, the tangential
velocity profile is uniform over an infinite plate, which is not
true in general for other surfaces. However, there are
regimes in which the boundary layers become so insignifi-
cant such that assuming an infinite flat plate velocity profile
leads to a very accurate estimate for absorption, despite the
geometry difference.

Recall that there is no damping in the FE solution using
the boundary layer loss approximation. To calculate the
absorbed power, the fluid damping properties are taken into
account later using the pressure and velocity fields found
from the undamped FE solution. Thus the absorbed and inci-
dent power are computed semi-independently (the phase of
the reflection coefficient is not known by this computation,
only the magnitude). This means it is possible to compute
that the absorbed power in Eqs. (4) and (5) is greater than
the incident power in Eq. (7). This result would indicate all
the energy was absorbed.

Consider the geometry in Fig. 9, which is based on the
microstructure from Fig. 1. There are cross sectional shapes
that appear triangular and larger shapes, which represent dif-
ferent cross sections of foam struts and nodes. This model is
designed to capture the geometry, length scales, and bound-
ary layer effects surrounding a single pore in the foam with a
simplified 2-D model while not having the computational
expense of a complex, 3-D unit cell models such as a tetrade-
cahedron. Average measurements of strut thickness (side
length of triangular cross section) and pore radius were mea-
sured from micro-CT images of a 40 PPI foam. The averages
yielded a strut side length of s ¼ 0.53 mm and pore radius
rp ¼ 1.5 mm.

For this model, the pore has also been assumed motion-
less. For use of this approximation with flexible foam, the
frame and void region around the frame both need to be

included in the mesh and a full structural acoustic FE solu-
tion will need to be computed. The losses in this case can
also be due to structural damping due to vibration of the
foam.

This example considers losses that occur only over inte-
rior geometry features, not along outer edges. The absorption
is computed assuming a rigidly backed layer with an incident
pressure source. Computations are made in COMSOL, using
both the pressure acoustics module coupled with the bound-
ary layer loss approximation and also the thermoviscous
acoustics module. In the thermoviscous computations, the
linearized Navier!Stokes equations are solved in the fre-
quency domain, taking into account boundary layer effects
in the acoustic analysis as a single step. However, this means
the mesh must adequately resolve the boundary layer (typi-
cally at least ten elements over the boundary layer). The fine
mesh around the inner surfaces, as shown in Fig. 9, is the
mesh used for the thermoviscous analysis. The boundary
layer loss approximation does not require such a fine mesh.
Additionally there are less degrees of freedom per node
because temperature is not being computed. This results in
significantly less computation time. The results for absorp-
tion coefficient versus frequency are shown in Fig. 10. The
computation time was decreased from 28 min, 56 s to 29 s
(on a desktop with 16 GB RAM for 60 frequencies) by using
the approximation.

The absorption coefficient for the single pore model is
relatively low, less than 0.06 over the entire frequency range.

FIG. 8. Schematic of spatial dependence of tangential velocity boundary
layers over different surface geometries.

FIG. 9. Two-dimensional mesh representing the cross section of a single
pore.

FIG. 10. Absorption coefficient versus frequency for the single pore cross
section model.

FIG. 11. Absolute error versus frequency for the single pore cross section
model.
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The absolute error in absorption coefficient for the approxi-
mate and thermoviscous simulation is plotted in Fig. 11.
Over the entire frequency range, the absolute error never
exceeds 0.003 which indicates significantly high accuracy
considering that the absorption coefficient scales from 0 to 1.

To look at regimes in which the approximation is accurate,
two non-dimensional parameters can be formed. Both the viscous
and thermal boundary layers could be considered. For this case,
since both boundary layers are nearly identical in magnitude,
only the viscous boundary layer will be used. The non-
dimensional numbers are the pore radius divided by the boundary

layer P1 ¼ rp

ffiffiffiffiffiffiffiffiffiffiffi
x=2!

p) *
and the strut side length divided by

the boundary layer P2 ¼ s
ffiffiffiffiffiffiffiffiffiffiffi
x=2!

p) *
. These are similar to the

“acoustic” Reynolds number used by others.18 In Fig. 12, the per-
cent error between the approximate and thermoviscous simulation
is plotted. The percent is calculated as the absolute value of the
difference divided by the thermoviscous absorption at each fre-
quency. The plots indicate that the approximation should not be
used when the length scales of the foam are less than or equal to
the size of the boundary layer (greater than 40% error is
observed). When the pore size and strut size become large, the
percent error continues to diminish and as a result of the approxi-
mation, the percent error fluctuates around and below 5%.

V. CONCLUSION

This paper utilized high fidelity models of metallic foam
constructed using micro-CT scans to estimate acoustic absorp-
tion based on boundary layer theory. The analysis is valid for
regimes in which the boundary layer is small compared to
foam geometry. The results showed that for low relative den-
sity open-cell metallic foams in air, viscous effects dominate
over thermal effects from approximately 1.5 to 6 kHz.
Decreasing pore size and increasing relative density yielded
superior absorption. Finally, a 2-D geometry was presented,
which elucidated accuracy of the method by comparison to a
complete thermo-viscous acoustic finite element solution.
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FIG. 12. Percent error for the single pore cross section model.
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