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ABSTRACT

Experiments demonstrated that surface roughness could significantly improve the sound absorption performance of porous materials. In this
study, to quantitatively explore the underlying physical mechanisms, porous materials with roughened pore surfaces are modeled as a bundle
of parallel petal shaped tubes, so that relevant acoustic transport parameters, namely, viscous permeability, thermal permeability, tortuosity,
viscous characteristic length, and thermal characteristic length, can be theoretically predicted. Multi-scale numerical simulations are imple-
mented to validate the theoretical predictions, with good agreement achieved. Compared with smooth tubes, petal shaped tubes reduce the
viscous and thermal characteristic lengths as well as the viscous and thermal permeabilities, resulting in enhanced sound absorption over a

wide frequency band.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0053059

I. INTRODUCTION

Porous materials, such as packed spheres,"” foams,” ~ and fibrous
sheets,”” are widely used to absorb noise, as friction and thermal
exchange between air and solid frame dissipate part of acoustic energy
into useless heat, thus reducing noise intensity. During the propaga-
tion of sound wave, the frame of a porous material may be considered
rigid, for the bulk modulus of solid is usually much greater than that
of air. Equivalently, the porous material may be replaced by a layer of
imaginary fluid. To this end, under the assumption of linearity, by
decoupling the viscous and thermal effects of air, the frequency-
dependent effective density and bulk modulus of the porous material
can be derived.” "’

The solid walls of a porous material are typically of sub-
millimeter scale and are, strictly speaking, uneven (ie., roughened),
mainly due to processing difficulties at such small scale. In fluid
mechanics, it is known that the presence of surface roughness could

severely disturb fluid flow."" ' However, thus far, there is not much

work devoted to studying, either experimentally or theoretically, the
effect of surface roughness on sound propagation in porous materials.
Experimentally, it was reported that the static flow resistance of open-
celled aluminum foam was enlarged by about 72% after micro-rods
were randomly synthesized on the surfaces of individual pores, and
these significantly roughened pore surfaces led to sound absorption
enhanced over a wide frequency range;”’ similarly, sintered fibrous
sheets made of roughened copper fibers also exhibited improved
sound absorption.”" Theoretically, Meng et al.”* studied sound propa-
gation in a rough micro-tube with surface-mounted cylinders, finding
that surface roughness elevated acoustic resistance and enlarged sound
absorption coefficient. Xu et al.”” modeled porous materials as a bun-
dle of tubes having sinusoidal surface roughness (i.e., longitudinal sur-
face roughness) along the incident direction of sound waves. It was
demonstrated that surface roughness weakened thermal dissipation
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but strengthened viscous dissipation, thus shifting the sound absorp-
tion peak toward a lower frequency.

This study aims to quantify the influence of circumferential sur-
face roughness (i.e., transverse roughness that is perpendicular to the
incident direction of sound) on sound absorption by idealizing the
porous material as a bundle of parallel petal shaped tubes. Acoustic
transport parameters of the Johnson—Champoux—Allard-Lafarge
(JCAL) model are then theoretically derived to determine the surface
impedance and sound absorption coefficient of the idealized porous
material. To verify the theoretical predictions and reveal the mecha-
nism underlying the influence of surface roughness on sound absorp-
tion, multi-scale numerical simulations are implemented with the
commercial finite element code COMSOL Multiphysics. Although the
roughened pore morphology is ideally considered as petal shaped,
other morphologies, like equilateral triangular and regular quadrilat-
eral, can also be analyzed by decomposing the pore shape function
into a series of trigonometric functions with the help of the Fourier
transform method.”*

Il. THEORETICAL MODEL

As shown in Fig. 1(a), the porous material with interior rough-
ened surfaces intended for sound absorption is made of a series of
periodically placed, parallel petal shaped tubes. Here, the petal shape is
considered as the circumferential roughness of the inside surface of
the tubes. The sound absorber is backed by a rigid wall, and the sound
wave is incident vertically on the front surface. Due to periodicity, a
unit cell [Fig. 1(b)] is extracted to simplify subsequent analysis. The
length and width of the unit cell are both I, and the thickness is h.
Figure 1(c) presents the cross section of the petal shaped tube, which
has a mean diameter of D and a roughness amplitude of e. In polar
coordinates, the tube radius r(0) at polar angle 0 is given by

7(8) = D[0.5 — &sin (n0)], (1)

where ¢ = ¢/D is the relative roughness, and 7 is a positive integer
representing the number of rough elements in tube section.
Under the excitation of harmonic sound wave, the air velocity v

and the excess temperature 7 in a porous material with open cells are
8,10

related to the sound pressure p as

(a)

rigid wall

FIG. 1. Schematic of porous material composed of periodic parallel petal shaped
tubes: (a) overall three-dimensional diagram; (b) unit cell; and (c) cross section of
unit cell.

scitation.org/journal/phf

o) = -2, @
sy =X, ®

where ¢ is the porosity, w is the angular frequency of incident sound
wave, k() is the dynamic viscous permeability, k() is the dynamic
thermal permeability, 4 and x are the viscosity coefficient and the
thermal conductivity of air, respectively, and () denotes a volume aver-
age operator over the representative elementary volume.

When the frequency of sound tends to 0 Hz, the dynamic viscous
permeability and thermal permeability approach their corresponding
static values, as

lin%) k(w) = ko, (4)
lim K(w) =k, 5)

where ky is the static viscous permeability and kj is the static thermal
permeability. In this case, Eq. (2) is simplified as ¢(v) = —koV (p) /1,
which is exactly the Darcy's law.

In the high frequency limit (i.e., ® — 00), the asymptotic expres-
sions of k() and ¥ (w) are given as” '

k() :% {1 —( +j)%], 6)
K(w) =22 [1 —(1+)) i—} ?)

where ' = 1/(pycy)s po is the air density, ¢, is the specific heat capac-
21/ (pow) is the
viscous skin depth, &' = /24 /w is the thermal skin depth, A and A’
denote the viscous and thermal characteristic length, respectively, and
j = v/—1is the imaginary unit.

According to the previous results for two extreme cases, the

dynamic viscous permeability and thermal permeability in the inter-
mediate frequency range can be approximated as'’

ity at constant pressure, o, is the tortuosity, 6 =

— k()
ko) = \/W_,wkoaw’ ®
T T
K (o) = ko ©)

.M wk; ,wk(,7
L—j———j—
20 T

where M = (8uko)/ (zqﬁAz) is the dimensionless viscous shape factor,
and M’ = (8kj,)/(¢A’") is the dimensionless thermal shape factor.

At the macroscopic level, the propagation of sound in a porous
material is governed by

aw)

ﬂo“(w)w =-V{p), (10)
B(w) 0(p)
TW—*VWV)’ (11)

where o(w) is the dynamic tortuosity, ff(®) is the scaled dynamic
compressibility, K = yP, is the bulk modulus of air, y is the specific
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heat ratio of air, and P, is the ambient pressure. From Egs. (2) and
(10), the dynamic tortuosity is related to the dynamic viscous perme-

ability as
K

_jwk(a)) ’ (12)

a(w) =

while the scaled dynamic compressibility is related to the dynamic
thermal permeability as'’

jo
pw)=y+(y—1)—Kk (o). (13)
(@) (=1 gk
Based on Egs. (10) and (11), the effective density peq(w) and
effective bulk modulus Keq(w) of a porous material can be defined as

402 k2
L no 14 o2, Zowzpo 7
]wﬂoko%o :u¢ A

(14)

peq(w) = Po‘x(w) = Po%xo 1

Keq(@)=K/f()

. P Aky>cppo
=Py [ y—(7=1)/ |1—j 14j
/0/ =0 )/ ‘,k{)CppOw ) KA,2¢2

(15)

Equations (14) and (15) constitute the well-known semi-phenomeno-
logical JCAL model, requiring five parameters, namely, viscous perme-
ability kg, thermal permeability kj, tortuosity o, viscous
characteristic length A, and thermal characteristic length A’. These are
transport parameters of the porous material, each determined by its
pore morphology.

The viscous permeability is inversely proportional to the static
flow resistance gy, of the porous material as follows:

ko = - (16)
Om

Given that the porous material studied here is composed of parallel
tubes, gy, can be characterized by the static flow resistance of a single
tube o\ as o, = 01/ ¢. For incompressible viscous fluid flow in a petal
shaped tube, g, has been theoretically obtained at low Reynolds num-

bers using the perturbation method as follows:**

32u L 1 2ems" a7
o= —({— - .
D (1-20)f (1—2¢)") 1+e
If the tube is circular with diameter D, the flow resistance is
oy = 32u/D>.
The tortuosity o, the viscous characteristic length A, and the
thermal characteristic length A’ are all defined in the high frequency

limit, where the porous material is thought to be filled with an ideal
inviscid fluid, as

O = (Vz(ri))/(v(r,»))z7 (18)
5 J V2 (r,)dA

Y (19)
vaz(ri)dV

scitation.org/journal/phf

L Lﬁ (20)

! b
A JdV
Vv

where v(r;) is the local velocity of inviscid fluid inside the pore, v(r,,)
is the velocity of inviscid fluid on the solid—fluid interface, and A and
V denote the surface area and volume of the pore, respectively.

For inviscid flow in a straight-through petal shaped tube, the
velocity at any point is equal. Thus, the velocity-related terms in the
numerator and denominator of Egs. (18) and (19) can be removed,
resulting in

ae =1, 21)
27
J av DJ [0.5 — &sin (n0)]’d0
A=N=2"" = 0 .
J dA J \/[0.5 — ¢sin (n@)]2 + [—éencos (n@)]de
A 0
(22)

The thermal permeability lAc:) describes thermal exchange between
the solid frame and the fluid in the low frequency limit. As it is difficult
to deduce an analytical expression of the dimensionless thermal shape
factor according to pore morphology, an approximate expression
ky = $A'* /8 proposed by Champoux and Allard” is adopted.

Once the transport parameters of the porous material are deter-
mined, its effective density and effective bulk modulus are also deter-
mined, so that its characteristic impedance Z and the wavenumber k
can be calculated as

Z = [ Peq(@)Keq(), (23)
 [peg(@)
k=w K—eq(w). (24)

If the porous material is backed by a rigid wall, the relative surface
impedance is given by

Zs = ijcot(kh)/(qﬁZo), (25)

where Zy, = p,co is the characteristic impedance of air and ¢, is the
sound speed in air.

Finally, the sound absorption coefficient of the porous sound
absorber having roughened pores is defined as the ratio of acoustic
energy absorbed to incident acoustic energy, given by

4Re(zs)

"7 Re(z) + 12 + Im(z,)? 26

where Re() and Im()) denote the real and imaginary part of a complex,
respectively.

lll. THE MULTI-SCALE NUMERICAL SIMULATION
METHOD

As the frequency of sound approaches 0 Hz, the influence of vis-
cosity on fluid flow is far more than that of inertia. In this case, fluid
motion is governed by the static Stokes equation, with no-slip bound-
ary applied at solid-fluid interface. By introducing the scaled velocity
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ko and the associated scalar pressure gy, the governing equation and
boundary condition can be rewritten as™

Ak =Vqy—e in Q, 27)
V-kg=0 in Q, (28)
k=0 on 0Q, (29)

where the unit vector e represents a pressure gradient along the inci-
dent direction of sound wave, Q) is the fluid domain, and 9Qy repre-
sents the solid—fluid interface. The viscous permeability of the porous
material k is defined as

ko = d(ky'), (30)

where ki’ is the scaled velocity along the incident direction of sound
wave.

In the limit @ — oo, the viscous skin depth tends to zero.
Therefore, the fluid can be considered as a perfect one without viscos-
ity, and its motion is mainly controlled by inertia. The flow of a perfect
fluid in the porous material is similar to the flow of a conductive fluid
within insulating solid skeletons as follows:”"**

E=¢€¢-Vq in QO (31)

V-E=0 in Q (32)

where E is the local electric field, the unit vector e’ denotes the exter-
nally applied electric field, and g is the disturbed electric potential. At
the solid—fluid interface, the boundary condition of insulation is satis-
fied as follows:

0Qst, (33)

E-n=0 on

where n is the outward normal. The tortuosity o, the viscous charac-
teristic length A, and the thermal characteristic length A’ are deter-
mined as

_ (E-E)
=15 (5) Gy
J E-EdV
A=22% , (35)
J E - EdS
Q¢
j av
AN =22% (36)
J ds
Q¢

During the propagation of sound wave, the sound pressure is
oscillatory; thus the air cyclically undergoes compression and expan-
sion, and the temperature changes accordingly. Lafarge et al.'’ intro-
duced the thermal permeability k' to link the excess temperature t
with the harmonic sound pressure p as: T = iwpk’/k. In the low fre-
quency limit (i.e, @ — 0), the static thermal permeability k; satisfies
the Poisson equation and the Dirichlet boundary condition as
follows:*

—Aky=1 in Q, (37)

ky=0 on 0Q. (38)

scitation.org/journal/phf

The static thermal permeability kj is then calculated as
ko = (k). (39)

The above three sets of partial differential equations (PDEs) are
solved in the Creep Flow module, the Electrostatics module, and the
Coefficient Form PDE module of COMSOL Multiphysics, respectively.
With the viscosity and density of fluid in the Creep Flow module set as
1 Pa - s and 1kg/m’, the governing equation of fluid flow is the same
as Eq. (27). The pressure gradient e and the electric field ¢’ are exter-
nally applied by separately presetting the pressure and electric poten-
tial of the inlet and outlet. Upon substituting the numerically
calculated transport parameters into the JCAL model, the effective
impedance and sound absorption coefficient are obtained.

IV. RESULTS AND DISCUSSION

In the following analysis, the relevant geometric parameters are
adopted as: D=0.6mm, ¢=0.1, n=8, h=30mm, /=09mm,
¢ =34.91%. The optimal cell size of the sound-absorbing porous
material is on the order of 0.1 mm, which varies slightly with the fre-
quency.” If the pore size is too small, the large acoustic resistance of
the porous material will prevent sound waves from entering. On the
other hand, the acoustic energy is mainly dissipated in the boundary
layer of the pore wall. If the pore size is too large, the energy dissipa-
tion near the center of the pore is negligible, and the sound absorption
potential of the porous material cannot be fully utilized. Therefore,
medium-sized tubes with a diameter of D=0.6mm are chosen to
form the porous material. In the theoretical model, to ensure the pre-
diction accuracy of the flow resistance of petal shaped tubes, the rela-
tive roughness & should not exceed 0.1**. The number of rough
elements 7 in the tube section is not limited. As the thickness of the
porous material increases, the air propagation path is extended, which
significantly improves the low-frequency sound absorption perfor-
mance of the porous material. However, if the porous material is too
thick, it will occupy more space. In order to improve the sound
absorption performance and reduce the occupied space as much as
possible, the thickness of the porous material / is set to 30 mm. The
porosity ¢ of porous materials is related to the distance [ between
tubes. To avoid overlapping of the tubes, the distance between the
tubes should be greater than D(1 + 2¢). If the tube spacing is too large,
the interior surface of porous material will be reduced, and the sound
absorption effect will decrease. Therefore, /= 0.9 mm is also a compro-
mise choice. The related thermal physical parameters of air are given
in Table L.

TABLE | Thermo-physical parameters of air at 298.15K.

Phys. Fluids 33, 063606 (2021); doi: 10.1063/5.0053059
Published under an exclusive license by AIP Publishing

Thermo-physical parameter ~ Symbol Unit Value
Density Po kgm™? 1.18
Sound speed Co m/s 346.30
Viscosity coefficient i Pa-s 1.85x107°
Specific heat ratio y 1 1.4018
Ambient pressure Py kPa 101.33
Specific heat capacity I J/(kgK) 1006.6
Thermal conductivity K W/(mK) 0.025
33, 063606-4
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FIG. 2. Finite element mesh of computational domain.

For the cross section of the tube does not change along its axial
direction, as presented in Fig. 2, only the air domain in a segment
(length: 1 mm) of petal shaped tube is modeled to numerically calcu-
late the related transport parameters.

Table II lists the theoretically predicted and numerically calcu-
lated transport parameters using the model of Figs. 1 and 2. Except for
the case of thermal permeability, the theoretical predictions are in
good agreement with the simulation results. This is because the theo-
retical model does not specifically consider the influence of pore mor-
phology on thermal permeability; instead, an approximate expression
ky = $A'* /8 is used to estimate this parameter. However, subsequent
analysis results show that the effect of thermal permeability on sound
absorption is far less than that of viscous permeability. Therefore, the
current theoretical model is accurate enough to predict the sound
absorption performance of a porous material with roughened pore
surfaces.

Substituting the transport parameters listed in Table II into the
JCAL model enables determining the effective density and bulk modu-
lus of the equivalent fluid, and then calculating the sound absorption
coefficient. As shown in Fig. 3, the sound absorption coefficient pre-
dicted by the theoretical model is consistent with the numerical simu-
lation results, thus proving the negligible effect of thermal
permeability. For further comparison, the same process is imple-
mented for porous materials with smooth pore surfaces (¢ = 0). At all

TABLE Il. Theoretical predictions and numerical results of transport parameters.

ARTICLE scitation.org/journal/phf

1.0
Petal shaped (theory)
O Petal shaped (simulation)
— — Smooth (theory)
0.8} i

¢ Smooth (simulation)

0.6

0.4

Sound absorption coefficient

2000 3000 4000 5000

Frequency/Hz

0 1000 6000

FIG. 3. Sound absorption coefficient plotted as a function of frequency: comparison
between petal shaped and smooth tubes.

frequencies, the sound absorption performance of the porous material
with roughened surfaces is better than that with smooth surfaces.

When a sound wave is incident upon a porous material, part of
the acoustic energy is absorbed and the rest is reflected. To absorb
sound as much as possible, Eq. (26) shows that the real and imaginary
parts of the relative surface impedance must be close to 1 and 0,
respectively. Figure 4 compares the relative acoustic surface impedance
of the porous material having roughened pore surfaces with that hav-
ing smooth ones. As can be seen, in the presence of roughened surfa-
ces, the sound absorption coefficient reaches the peak of 0.9532 at
2580 Hz; correspondingly, the real part of relative acoustic surface
impedance is 0.6480, while the imaginary part is 0.0586. In the case of
smooth surfaces, the sound absorption achieves the maximum value
of 0.8556 at 2680 Hz, with the real part of relative acoustic surface
impedance equal to 0.4519 and the imaginary part equal to 0.0680.

In Fig. 5, the numerically calculated distributions of viscous per-
meability and thermal permeability on the cross section of a petal
shaped tube are compared to those of a smooth tube. In the region
near the tube wall, the flow of air is severely impeded so that the veloc-
ity is smaller relative to other areas, thus yielding a smaller viscous per-
meability. For porous materials, the solid—fluid interfaces of porous
materials are all considered as isothermal boundaries. The thermal
conductivity of solid is in general larger than that of air; thus, heat can
be conducted quickly across the solid skeleton when sound waves

Acoustic parameter Symbol unit Theoretical prediction Numerical simulation
Viscous permeability ko mm? 2.7698 x 1073 2.8055 x 1073
Thermal permeability K, mm’ 1.9029 x 107 27133 x 107°
Tortuosity oo 1 1 1
Viscous characteristic length A mm 0.206 77 0.20977
Thermal characteristic length N mm 0.206 77 0.20977
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FIG. 4. (a) Real part and (b) imaginary part of relative acoustic surface impedance: comparison between petal shaped and smooth tubes.

propagate in the porous material. Since the density and specific heat
capacity of solid are also much larger than that of gas, the temperature
change of solid—fluid interfaces is negligible and approximately set to
zero. Therefore, temperature change of the air near the solid wall is
smaller in comparison with other areas, which leads to a smaller ther-
mal permeability.

The influence of surface roughness on transport parameters is
displayed in Fig. 6. Since the petal shaped tube is straight, the tortuos-
ity remains 1 in all cases. The results of Fig. 6 reveal that, as the relative
roughness or number of rough elements increases, the viscous/thermal
characteristic length and the viscous/thermal permeability of porous
materials all decrease. This is because, when the relative roughness or
number of rough elements increases, the contact area between the air

: : 186X10 { : 181X10
@zzsxm @”SXIO

FIG. 5. Numerlcal results of permeability fields: (a) viscous permeablllgl of petal
shaped tube (mm?); (b) thermal permeabmty of petal shaped tube (mm®); (c) vis-
cous permeab|||ty of smooth tube (mm?); and (d) thermal permeability of smooth
tube (mm?).

and the interior wall of the porous material is enlarged, thus intensify-
ing friction and thermal exchange between the air and solid skeleton.

Figure 7 presents the predicted influence of surface roughness on
sound absorption. With the number of rough elements fixed at 8, as
the relative roughness increases, the frequency at the absorption peak
does not change much, but the absorption bandwidth is widened. In
contrast, with the relative roughness fixed at 0.1, as the number of
rough elements is increased, the absorption peak is shifted to a lower
frequency and the absorption performance is increasingly enhanced.
More specifically, for the porous material with smooth surfaces
(n=0), the first sound absorption peak of 0.8556 appears at 2680 Hz,
and the average sound absorption coefficient in the whole frequency
range is 0.3621, while, for the porous material with roughened surfaces
(n=16), the first sound absorption peak moves to 2340 Hz with the
peak value increased by 16.85% to 0.9998. The average sound absorp-
tion coefficient reaches 0.5290, an increase of 46.09%.

V. CONCLUSIONS

A combined theoretical modeling and numerical simulation
approach is developed to investigate the influence of the surface
roughness on sound absorption of porous material idealized as a bun-
dle of parallel petal shaped micro-channel tubes. The petal shape is
considered as the circumferential roughness of the inside surface of
the tubes. Based on the proposed pore morphology, key acoustic trans-
port parameters pertinent to the Johnson-Champoux—Allard—Lafarge
(JCAL) model are theoretically obtained, which are then verified via
multi-scale numerical simulations. Results show that the circumferen-
tial roughened surfaces (i.e., the petal shaped) increase the contact area
between the air and solid skeleton of porous materials, resulting in
increased friction and heat exchange losses. Compared with porous
materials with smooth surfaces, the roughened pore surfaces improve
the sound absorption performance in a wide frequency range. By
changing the roughness of pore surfaces, the acoustic performance of
porous materials can be effectively adjusted, which provides guidance
for the sound absorption design of porous materials.
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