
21st Australasian Fluid Mechanics Conference
Adelaide, Australia
10-13 December 2018

Modeling of Porous Liner Using CE/SE Method with Application to Duct Aeroacoustics
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Abstract

This paper proposes a new numerical modeling approach for
porous liner with application to duct aeroacoustics which is
different from classical impedance modeling of the lined sur-
face. Direct aeroacoustic simulation (DAS) is adopted to de-
scribe the flow dynamics and acoustics inside porous liner by
solving unsteady compressible Navier-Stokes equations with
source terms that model the porous effect. Brinkman penaliza-
tion method and Brinkman-Forchheimer-extended Darcy model
are attempted to model the flow in porous medium. The sin-
gle domain formulation eliminates the need to specify boundary
conditions at fluid and porous interface explicitly. The in-house
DAS code based on space-time conservation element and solu-
tion element (CE/SE) scheme is implemented to resolve low
Mach number duct aeroacoustic problems with porous liner.
The validation approaches and results are reported in this pa-
per.

Introduction

Noise pollution continues to be a crucial environment pollution.
To enhance living comfort, adoption of porous liners is a com-
mon noise reduction approach. The liner is mostly placed on
hard walls of a duct and the acoustic waves propagate along
the wall under a grazing flow. Acoustic impedance is usu-
ally applied in modeling of a lined surface. Assuming that
the flow is potential, wave equations in frequency domain with
Ingard-Myers boundary condition [11] have been widely used
in impedance modeling [2]. However, Renou and Aurégan [13]
indicated the inadequacy of using this boundary condition in
the presence of grazing flow because two different impedances
were obtained for acoustics propagating in the flow direction
and in the reverse direction respectively with experiment mea-
surements. The detailed mechanism of acoustic behavior of
porous liner in the presence of a grazing flow and the complex
interaction between flow dynamics and acoustic field are still
not clearly understood.

In this work, direct aeroacoustic simulation (DAS) is attempted
to model the acoustics of porous liners. Such approach solves
the unsteady compressible Navier-Stokes (N-S) equations and
the equation of state to obtain the flow and acoustic fields
simultaneously [7]. The effect of porous liner is treated as
a source term in the N-S equations. Brinkman penalization
method (BPM) and Brinkman-Forchheimer-extended Darcy
model (BFDM) are adopted and compared to model the flow
in porous medium. This approach is believed able to reveal
the mechanism of noise reduction by porous liner under graz-
ing flow. The aim of this paper is to report the ongoing work
in validating this approach in application to duct aeroacoustics.
To capture the acoustic behavior in DAS, the space-time con-
servation element and solution element (CE/SE) scheme [7] is
implemented. This paper is organized as follows. The formu-
lation of two selected models are illustrated first, followed by
the numerical implementation of the two models including the

treatment of source terms in governing equations and the treat-
ment of porous and nonporous interface. Then the validation
approach and the result is demonstrated.

Formulation

Generally, two dimensional aeroacoustic problems in porous
liner under low Mach number flow are assumed. The porous
liner is assumed as homogenous adiabatic porous material with
constant porosity φ. That way alleviates the exhaustive com-
putational requirements for the calculation of flow dynamics
near pores within porous liner. The conductivity in porous liner
is assumed as the same as the fluid conductivity. The porous
medium studied in the present study is saturated with air and
assumed to be in local equilibrium. By choosing appropriate
reference length L̂0, reference velocity û0, reference density ρ̂0,
reference pressure ρ̂0û2

0, reference viscosity µ̂0, reference tem-
perature T̂ 0, the normalized governing equation for two dimen-
sional compressible flow can be written in the strong conserva-
tion form as
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material. γ is the ratio of specific heat γ = 1.4, C1 = 1/Re and
C2 = M2, Reynolds number Re = ρ̂0û0L̂0/µ̂0, M is Mach num-
ber M = û0/ĉ0, ĉ0 =

√
γR̂T̂0, the specific gas constant for air

R̂ = 287.058J/(kgK), Prandtl number Pr = ˆcp,0µ̂0/k̂0 = 0.71.
The dynamic viscosity µ is calculated by Sutherland’s Law,

µ = T
3
2 (

1+Ŝsu/T̂su

T̂su+Ŝsu/T̂su
), where Ŝsu = 110.2◦C and T̂su = 20◦C.

When taking acoustic speed ĉ0 as reference speed, C1 = M/Re
and C2 = 1, the equations of p, qx and qy are also replaced by
p = ρT

γ
, qx = − µ

(γ−1)Pr
∂T
∂x and qy = − µ

(γ−1)Pr
∂T
∂y . It is noted

that all velocity variables in governing equations are intrinsic
fluid velocity instead of Darcy velocity.

BFDM For Two Dimensional Compressible Flow



The formulation of BFDM is derived referring to previous study
on flow dynamics in porous media [15]. Darcy term and Forch-
heimer term are put at the right hand side of equation 1 as source
terms. Brinkman term was placed at left hand side equation
since it is analogous to the shear stress terms in the N-S equa-
tions by replacing µ by effective viscosity µ̃ = µ/φ [12]. The
normalized source term of the formulation of BFDM can be
written as

S = SBFDM =
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where Darcy number Da = K̂/L̂2
0, K̂ is permeability of porous

material, F is Forchheimer coefficient. The first and the second
terms in the source term is normalized Darcy term and Forch-
heimer term respectively.

BPM for Two Dimensional Compressible Flow

Liu and Vasilyev [8] propose Brinkman penalization method for
calculating compressible flows in porous medium. This method
adopts Brinkman penalization terms −Ψ

α
u and − Ψ

αT
(T −Tp) in

momentum and energy equation as new simplified source terms
to replace Brinkman term, Forchheimer term and Darcy term.
They argue that similar to the original terms, the penalization
terms results in significant damping of the momentum inside of
porous medium and satisfying the no-slip boundary condition
at the solid surface. The normalized source term of BPM can be
written as [8]

S = SBPM = [0,−Ψ

α
u,−Ψ

α
v,− Ψ

αT
(T −Tp)]

T , (8)

where

{
Ψ(x,y,t) = 1, x,y ∈ Oi

Ψ(x,y,t) = 0, otherwise
. Tp is porous medium’s nor-

malized temperature which is assumed to be as the same as T ,
Oi indicates the porous medium, α and αT are penalization co-
efficients which are adjustable. However, the determination of
α and αT was not discussed in Liu and Vasilyev [8].

Numerical Implementation

Space-time CE/SE Scheme for N-S Equations

To solve the governing equations, CE/SE method with treat-
ment of source term is adopted in our in-house code. CE/SE
is a high-resolution scheme emphasizes on strict flux conserva-
tion and the unified treatment in both space and time with non-
dissipative characteristics which meets the requirement of low
Mach number DAS that the widely disparate flow and acous-
tic scales can be solved with uniform numerical accuracy. The
detailed description of CE/SE method and boundary conditions
implementation are referred to [7].

Treatment of Source Terms

Newton’s iterative method is applied to treat the stiff source
term [9]. A Newton iterative procedure to calculate U can be
expressed as

U (i+1) =U (i)− (
∂Φ

∂U
)−1[Φ(U (i))−UH ], (9)

where i is the iteration number, Φ(U) = U − S(U)4t, S is
the source term in the governing equations which is a function
of U , UH is the homogeneous solution (S = 0). The quanti-
ties ( ∂Φ

∂U )−1[Φ(U (i))−UH ] are calculated by applying Cramer’s
rule to update U (i+1) from U (i). The convergence criterion is set
as the maximum difference value among solution vectors of two
adjacent iteration values reaches 10−30 .

Treatment of Interface between Fluid and Porous Material

At the interface between porous and nonporous area, there is a
sudden change of the flux due to the porosity difference be-
tween porous and nonporous region. Mößner and Radespiel
[10] adopted a fictive cell concept to successfully overcome
their pressure jump problem at the porous-nonporous interface
in their solver. The sudden change of the flux at the interface can
also be solved by using fictive cell method. In CE/SE method,
the porous cell is converted to a fictive nonporous cell where
the solutions are equal to those in the porous cell divided by the
porosity φ of the porous material. The fluxes into the nonporous
cell are then calculated by using the solutions of the newly cre-
ated fictive nonporous cell. On the other hand, the nonporous
cell is converted to a fictive porous cell and compute the flux
into the porous cell using the solutions multiplied by the porous
material porosity φ. It is noted that the spatial and time gradi-
ents of the solution values are also calculated by applying fictive
cell method.

Validation

The validation of the numerical modeling was divided into three
stages with different levels of complexity. In the first stage, its
capability on simulating flow dynamics in porous material was
examined. It was tested by two benchmark cases. The first test
case (Test I) is a uniform flow through a homogeneous porous
medium under given pressure gradient with sliding walls. Af-
terwards, the performance of the model on simulating flow at
porous and fluid interface was then examined by an experi-
mental investigation on the transition layer thickness at a fluid-
porous interface (Test II) [4]. In the second stage, the capa-
bility of the model in capturing acoustic fields was examined
by an experiment investigating acoustic behavior of a homoge-
neous porous material (Test III) [3]. In the third stage, the ca-
pability of the model in capturing the interactions between the
aerodynamic and acoustic fields will be examined by investigat-
ing acoustic behavior of a homogeneous porous material under
grazing flow [3]. The validity of the numerical model will be
established when it passes all the above tests. The third stage of
the validation is still in progress.

Test I: Uniform Flow in Porous Medium

The height of the porous medium Ĥ = 0.01m was chosen as the
reference length. The computation domain is 20×1 with mesh
size 4x = 0.05 and 4y = 0.02. Non-reflecting boundary con-
dition was set at the outlet. Mach number was M = 0.002. The
porosity of the porous medium φ was 0.6. The reference density
and reference viscosity was set by the air density and air viscos-
ity respectively, ρ̂0 = 1.225kg/m3,µ0 = 1.795× 10−5kg/m · s.
Reynolds number ReH = 465.363. For BPM, adjustable param-
eter α and αT was set as 0.01 based on Liu and Vasilyev’s work
[8]. For BFDM, Darcy number Da = 0.004, F = 0.002. Ini-
tially full field velocity was set to be uniform.

Under incompressible flow assumption, for BPM, the steady
fully developed fluid motion in the porous medium is governed
by

d p
dx

=−Ψ

η
u. (10)



For BFDM, the steady fully developed fluid motion in the
porous medium is governed by

d p
dx

=−φ
µ

Re
1

Da
u− Fρφ2
√

Da
u2. (11)

The flow is supposed to keep the uniform velocity profile when
the pressure gradient set for simulations balances the penalty
terms in BPM and the sum of Darcy term and Forchheimer term
in BFDM.

As shown in figure 1, the velocity along x direction u of check
point calculated by BFDM becomes steady and is very close
to analytical solution. The relative error of u is within the range
from−5×10−4% to 9×10−4%. The numerical results of pres-
sure and pressure gradient also show agreement with analytical
solution. The relative error of pressure is within the range be-
tween −2×10−5% and 1×10−5%.

Figure 1: Variation of velocity u along time at the center of
the domain. The red dashed line shows the analytical solution.
The blue dots show the numerical result calculated by BFDM.
The green solid line shows the numerical solution calculated by
BPM.

For BPM, the velocity along x direction u drops quickly from
initial condition 1 to around 0.1. This result may be influenced
by the determination of adjustable parameters α and αT . Since
there is no discussion on the determination of α and αT in liter-
ature, BPM was not further adopted in this research.

Test II: Flow at a Fluid-Porous Interface

Figure 2 shows the numerical settings of the computation do-
main which follows the experimental setup used by Goharzadeh
et al. [4]. The third glass beads sample (GB3) was selected as
the porous material in the simulation. The parameters of porous
material and flow used in computation follow the settings in
that experiment: the porosity of the porous medium φ = 0.41,
the average particle diameter d̂p = 0.65cm, the height of the
fluid layer Ĥ f = 4cm, Reynolds number ReH f = 21. The max-
imum flow velocity at the fluid surface along x direction ûmax
and Ĥ f were chosen as reference length and reference velocity.
The transition layer thickness which is defined by the height be-
low the permeable interface up to where the velocity decreases
to the Darcy scale and the porosity variation in the transition
layer was set derived on the data in their work [4]. The perme-
ability was calculated based on Carman-Kozeny equation [1],

K =
d2

pφ3

180(1−φ)2 . Forchheimer coefficient F = 0.1076 was es-

timated by the empirical equation [1], F = 0.55(1− 5.5 dp
De
),

where De is defined in terms of the height hp and width wp

of the porous material by De =
2wphp
wp+hp

.

Figure 2: Schematic view of the channel flow with porous
medium

The comparison of present numerical result with experimental
data measured by by Goharzadeh et al. [4] and other results
from literature [5, 14] is shown in figure 3. The current model
with the porous and fluid interface treatment using fictive cell
concept [10] matches the experimental data best. This shows
that the proposed approach can accurately capture the flow be-
havior in both fluid and porous region as well as at their inter-
face. Therefore, the present porous model passes the first stage
of the validation successfully.

Figure 3: Velocity profile along the cross section at the center
of the domain. The black dots are experimental values [4]. The
red solid line shows present numerical result. The magenta dot-
ted line shows the numerical result calculated by Gualtieri [5].
The green dash-dot line shows the analytical solution with lin-
early variable porosity, C=18, obtained by Tao et al. [14]. The
blue dashed line shows the analytical solution with exponen-
tially variable porosity obtained by Tao et al. [14].

Test III: Acoustics Fields in Porous Liner

The computation domain (figure 4) follows the experimental
setup conducted by Aurégan et al [3]. A uniform mesh with
4x = 0.05 and 4y = 0.01 was set between −50 < x < 63.3.
There were total 50 elements in each buffer zone stretched
exponentially along x direction with maximum 4x = 76 and
minimum 4x = 0.05. The parameters of porous liner and
duct used in computation follows the experiment: the poros-
ity of the metallic foam φ = 0.9, resistivity of metallic foam
σ̂ = 6900kgm−3s−1, height of the duct ĥ = 15mm. Duct height
ĥ and acoustic speed ĉ0 were selected as reference length and
reference velocity. Reynolds number Reh = 349022.346. Darcy
number Da = K̂

ĥ2 = µ̂
σ̂ĥ2 = 1.153× 10−5, Forchheimer coeffi-

cient F = 0.520. The acoustic excitation was set at x = −50
with a broadband frequency that corresponds to a range from
100 Hz to 3000 Hz with increment of 5 Hz in experiment. The
amplitude of the acoustic pressure was set as 8.208× 10−7.
Acoustic transmission and reflection coefficients of the lined



part were calculated based on the optimized multiple micro-
phone method proposed by Jang et al. [6]. Check points were
set at the center line of the duct from x = −21 to x = −3 and
from x = 16.3 to x = 34.3 with increment of 3.

Figure 4: Schematic view of the computation domain

Figure 5: Absolute value of the transmission coefficients T (red)
and reflection coefficients R (blue) and absorption coefficient
A (green) of the porous liner. The dashed lines are numerical
results and solid lines are experimental values in [3].

As shown in figure 5, numerical result shows agreement with
experiment result at low frequency range from 100 Hz to 1500
Hz. A finer mesh with 4x = 0.02 between −50 < x < 63.3
was used to simulate and the result has no obvious difference
from the one showed above. The discrepancy and shift may be
caused by the difference between the two dimensional and ho-
mogeneous porous material assumption of the modeling and the
experiment will be further studied. The present porous model
has the capability in capturing acoustic fields of duct lined with
porous liner. Thus, the proposed approach has been success-
fully validated in the second stage.

Conclusions

In this paper, a new modeling approach of porous liner
with application to duct aeroacoustics using CE/SE method
is introduced and successfully validated. The proposed sin-
gle domain formulation using Brinkman-Forchheimer-extended
Darcy model (BFDM) can accurately calculate the flow dynam-
ics and acoustics in both fluid and porous region as well as at
their interface. The validation on the capability of the model
in capturing the interactions between the flow dynamics and
acoustics, i.e. the acoustic behavior of porous liner under graz-
ing flow, will be carried out in the future.
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