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Abstract

There is increasing need for reducing aeroacoustic noise in various industrial ap-

plications carrying unsteady flows such as power plants, heating ventilation and

air-conditioning (HVAC) and exhaust systems of vehicles. Adoption of bulk re-

acting porous liners in dissipative lined ducts to achieve noise reduction is one of

popular acoustic treatment. In most applications of porous absorbers, the liner

is placed on hard walls of a duct over which sound waves propagate.

The presence of a grazing flow has significant influence on the perfor-

mance of a porous liner. It was firstly reported in the experiments of Aurégan

and Singh (2014) with a bulk porous liner made of metallic foam that the presence

of grazing flow induces loss of transmission loss with a certain range of frequen-

cies in which unusual oscillatory increase in transmission coefficients are observed.

Because of the difficulty in measuring the magnitudes of flow physical properties

such as velocity and pressure inside the complex microstructure of porous liner,

the details of the underlying mechanism causing the phenomenon can only be

further studied through numerical modelling. The objective of the present study

is to develop a numerical model that can capture the interaction between flow

dynamics and acoustic behavior of porous liner under grazing flow. The success

of the development of the numerical model can help better understand the mech-

anism responsible for transmission instability as well as allow optimization of the

design and manufacturing of porous liner in future applications.

Impedance boundary condition is widely used in computational aeroa-

coustics to simulate lined surfaces. Unlike locally reacting liners (point reacting
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liners) whose surface impedance does not depend on the angle of incidence and

its normal impedance can be applied at the boundary directly, it is not always ap-

propriate to use the measured or modelled normal impedance to represent a bulk

reacting liner. So far there is no time domain impedance modelling for bulk re-

acting porous liners under grazing acoustic incidence and grazing flow problems

existing in literature. In fact, since the acoustic wave is allowed to propagate

along the direction parallel to the wall of the porous liner, the acoustic field in-

side and outside the porous liner are coupled and the liner cannot be classified

with a single point number impedance. In this regard time domain impedance

modelling may not be an appropriate approach to study aeroacoustic problems

of porous liner exposed to grazing acoustic incidence and flow. On the other

hand, direct modelling via aeroacoustic simulation (DAS) approach, that solves

the compressible flow equations rather than the simple wave equation for non-

linear pressure propagations, has been proven able to capture the coupling of

acoustic fields inside and outside porous liner and nonlinear interaction between

flow dynamic and acoustics intrinsically. Thus, DAS is adopted in the current

study to model the grazing flow over porous liner problems.

Direct aeroacoustic modelling calculates the flow dynamics and acous-

tic fields simultaneously by solving the inhomogeneous unsteady compressible

Navier-Stokes (N-S) equations and the perfect gas equation of state with source

terms which model the porous effect to the aeroacoustical flow. Since the compu-

tational cost to model the microscopic behavior of flow and acoustics through the

pores is very huge, an approach of modelling of flow and acoustics inside porous

material in a macroscopic view by using volume averaging over a representa-

tive elementary volume is adopted in the present study. In the prescription of

source terms, Brinkman penalization method (BPM) and Brinkman-Forchheimer-

extended Darcy model (BFDM) are attempted to model the flow in porous

medium. The proposed single domain formulation comprising both fluid and

porous material regions of computational domain eliminates the need to specify



boundary conditions at fluid and porous interface explicitly. An in-house space-

time conservation element and solution element (CE/SE) based time-domain DAS

method is modified for the calculation of duct aeroacoustic problems with porous

liner.

A formulation of governing equations with BFDM for two dimensional

compressible flow for solving aeroacoustic problem of porous liner is proposed

in the present study based on approaches of modelling low speed incompressible

flow transport in hydrogeophysics and convective heat transfer in thermodynam-

ics. The energy equation in the governing equations is modified for aeroacous-

tic applications by describing the rate of work done of Darcy, Forchheimer and

Brinkman terms. Newton’s iterative method is applied to treat the stiff source

term and the change of the flux at the clear fluid-porous interface is solved by us-

ing fictive cell method. The capabilities of the numerical modelling are examined

by comparison of numerical results of benchmark duct aeroacoustic problems.

The comparison results show that the proposed single domain formulation using

BFDM can accurately calculate the flow dynamics and acoustics in both fluid and

porous region as well as at their interface. The numerical calculation of the acous-

tic behavior of porous liner under low Mach number grazing flow validates the

modelling has capability in capturing the interactions between the flow dynamics

and acoustics. In the present study, two dimensional aeroacoustic problems in

porous liner having a rigid frame (metallic foam) under low Mach number flow

(M = 0.2) is investigated. The unusual oscillation of transmission coefficient of

the porous liner over the same range of frequencies can also be captured using

this numerical model and the mechanism responsible for it is uncovered with the

numerical results.
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Chapter 1

Introduction

1.1 Background

Noise pollution is a crucial environmental pollution source which has strong ad-

verse impact to quality of our life. There is increasing need for noise control in

various industrial applications. Generally, the approaches of noise control can be

divided into active control and passive types. Passive control is more popular

in industry due to its low cost and ease of application. Using acoustic liners is

one widely adapted passive control approach. Conventional acoustic liners can

be divided into three types: single degree of freedom (SDOF) liners, two degrees

of freedom (2DOF) liners as well as bulk-reacting liners (Motsinger and Kraft

1991). The structure of SDOF liners is a single layer of sandwich construction

with a perforated metal or composite face sheet covering on a honeycomb core

structure backed by a rigid backplate (Figure 1.1). The SDOF liners are also

known as locally reacting or point reacting liners due to the fact that they only

permit effective absorption along the direction normal to the duct wall (Nayfeh et

al. 1974). The structure of 2DOF is a double layer of sandwich construction with

a second layer adding to SDOF (Figure 1.1). SDOF and 2DOF liners have been

widely used in aeroengines of commercial aircraft to reduce noise (Motsinger and

Kraft 1991).
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Figure 1.1: Schematic of single degree of freedom (SDOF) liner and two degree
of freedom (2DOF) liner. (a) is SDOF liner and (b) is 2DOF liner.

Bulk reacting liners are open-cell porous materials which are two-phase

mediums composed of a solid phase (frame) and a fluid phase reducing noise by

dissipating acoustic energy by viscous effect, thermal effect and even structural

damping such as glass wool, polymeric foams and metallic foams. It should be

noted that porous materials in this thesis only refer to conventional types (bulk

reacting liners) as described above although perforated and micro-perforated pan-

els are also treated as a special version of porous material in Yang and Sheng

(2017). Porous liners are widely used in power plants, heating ventilation and

air-conditioning (HVAC) and exhaust systems of vehicles to achieve noise ab-

sorption because they are more effective for broadband sound at a relatively low

cost comparing to SDOF and 2DOF liners (Motsinger and Kraft 1991). Figure

1.3 shows how the acoustic wave k̂ interact with the locally reacting and bulk

liners differently. For locally reacting liners, only the normal component of the

wave amplitude is permitted to propagate in the honeycomb cell and there is no

interaction between the cells (Singh 2016). On the other hand, acoustic wave is

allowed to enter the surface of bulk liners at any angle and it propagates inside

the liner in different directions. The frame of porous materials can be classified

into three types: elastic frame (polymeric foam shown in Figure 1.2(a)), rigid

frame (open cell metallic foam shown in Figure 1.2(b) ) as well as limp frame
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(glass wool shown in Figure 1.2(c)) . Sutliff and Jones (2008; 2009) suggested

that the metallic foam liners have the potential to replace traditional SDOF liners

in commercial aircrafts to achieve better noise reduction and engine performance.

Figure 1.2: Common bulk liners.

Figure 1.3: Locally reacting and bulk reacting liners.

Figure 1.4: Microstructures of glass wool and metallic foam.
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In most application of porous absorbers, the liner is placed at hard walls

of a duct and the sound waves propagate along the wall and a grazing flow over

the porous material is presented. The presence of a grazing flow has significant

influence on the performance of a porous absorber. Aurégan and Singh (2014)

observed unusual oscillation of transmission coefficient of the porous liner made

of metallic foam under grazing flow over a particular range of frequencies. These

complicated nonlinear interactions between flow dynamics and acoustics are ex-

tremely difficult to be investigated through analytical study. Also, due to the

difficulty in measuring the magnitude of physical properties such as velocity and

pressure inside the porous material which is caused by the complex microstructure

of porous liners shown in Figure 1.4, the detailed mechanism of the phenomenon

needs to be further studied through numerical modelling.

1.2 Literature Review

Previous studies will be divided into three categories to be reviewed in this sec-

tion: an overview of some impedance models of porous liner, previous studies on

impedance model with grazing flow and previous studies on convection and flow

properties of porous materials.

1.2.1 Frequency domain impedance models for porous liner

The sound absorption performance of a porous liner on is required to be quanti-

tively evaluated by physical parameters. The sound insertion loss which is defined

as the difference in transmitted sound power to a specific location before and after

a liner is installed could be a good choice of quantity of evaluation. Generally the

sound insertion loss depends on frequency, noise source conditions and geometry

for noise propagation. Thus it is hard to describe and compare the porous liner’s

performance under different conditions. Acoustical surface impedance which is

defined as the ratio of the pressure to velocity in frequency domain describes

the local property of the material for the acoustic waves. The requirements for
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a valid measurement of the impedance are lower than for sound insertion loss

since it allows compensating for different modal angles between measurement

and application source noise (Richter 2012). Once the impedance of the mate-

rial is obtained, the absorption coefficient can be easily calculated (Kidner and

Hansen 2008). In this subsection, a brief overview on some impedance models in

the frequency domain for porous liner is presented. There are a large number of

parameters used to describe the physics of porous material and different models

require different parameters. Some important parameters relevant to describing

acoustic behavior in porous materials are introduced in the later part of this the-

sis. The impedance models of porous materials can be classified into two different

types of models: empirical models, and physical models.

Empirical models (Delany and Bazley 1970; Wu 1988; Komatsu 2008)

have the advantage of simplicity but have the limitations that the accuracy of the

model is only effective for certain type of materials and mechanism of the acoustic

transmission cannot be clearly understood since it was developed empirically by

fitting experimental data instead of physical meaning. One example of empirical

models is Delany and Bazley model (Delany and Bazley 1970). Delany and Bazley

(1970) obtained following laws to predict the complex wave number k and the

characteristic impedance Zc for fibrous materials with porosity close to 1:

Zc = ⇢0c0[1 + 0.057X�0.754 � j0.087X�0.732] (1.1)

k =
!

c0
[1 + 0.0978X�0.700 � j0.189X�0.595] (1.2)

where ⇢0 is the density of air and c0 is the speed of sound in air. X is a dimen-

sionless parameter defined by X = ⇢0f

�
, where f is the frequency and � is flow

resistivity of the material. It was pointed out by Delany and Bazley (1970) that

Equations (1.1)and Equation (1.2) are valid when 0.01 < X < 0.1.

Physical models are a group of models describing sound propagation
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in porous materials on a physical basis. Two types of physical models can be

classified: model based on the Biot theory (Biot, 1956a, 1956b) and an equivalent

fluid model (Allard and Atalla 2009).

The Biot theory, which was proposed by (Biot, 1956a, 1956b) from

a stress-strain perspective by taking an elastic frame assumption, is commonly

used to describe the propagation of waves in open-cell porous materials having

an elastic frame. Three waves propagating simultaneously in an elastic porous

material are considered in the Biot theory: one acoustic compression wave, one

elastic compression wave and one elastic shear wave (Panneton 2007).

An equivalent fluid model is often used to model porous materials having

a rigid (metallic foam) or a limp frame (glass wool) because it can prevent insta-

bilities and reduce the number of degrees of freedom in a numerical poroelastic

modelling comparing with using the Biot theory (Atalla et al. 1998). Only the

acoustic compression wave propagation which is governed by Helmholtz equation

is considered in the equivalent fluid model (Panneton 2007). It is extremely dif-

ficult to describe sound propagation in porous materials taking into account the

complete geometry of the frames. The problem can be solved by a two-step fluid

equivalent approach on the macroscopic scale. In a first step, the fluid inside

the pores of the porous material is replaced by an equivalent homogeneous fluid

having a complex effective density ⇢ and a complex bulk modulus Kbulk account-

ing the viscous and thermal dissipations of the acoustic wave. In a second step,

the porous material can be replaced by a equivalent fluid with effective density

⇢eq =
⇢

�
and bulk modulus Keq =

Kbulk
�

. Once the effective density and the bulk

modulus are known, the characteristic impedance of the porous material and the

wave number can be calculated by Zc =
p
⇢eqKeq and k = !

q
⇢eq

Keq
. For the first

step, many models have been presented to predict the effective density and the

bulk modulus of the saturating fluid in the porous material having a rigid frame.

(Johnson et al. 1987) proposed a model to predict the effective density and Pride

et al. (1993) modified it by adding one more parameter. The bulk modulus can
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be obtained with the Wilson model (Wilson 1993), the simplified Lafarge model

(Lafarge et al. 1997) and the Champoux-Allard model (Champoux and Allard

1991). Panneton and Olny (2006) and Olny and Panneton (2008) gave a sys-

tematic comparison of the performance of the Wilson model and the Johnson et

al. model on predicting the effective density and the performance of the Wilson

model, the simplified Lafarge model and the Champoux-Allard model on predic-

tion of the bulk modulus respectively. The bulk modulus of limp porous materials

is as the same as that of the rigid porous materials while the effective density of

limp porous materials needs to be modified taking into account the inertia added

by the limp solid phase (Panneton 2007).

In most applications of porous absorbers, the liner is placed at hard walls

of a duct and the sound waves propagate along the wall. Impedance boundary

condition is widely used in computational aeroacoustics to simulate lined sur-

faces. It was pointed that not like locally reacting liners (point reacting liners)

whose surface impedance does not depend on the angle of incidence, the normal

impedance can be applied at the boundary directly, it is not always appropriate

to use the measured or modeled normal impedance to represent a bulk reacting

liner (William and Brain 1976; Bliss 1982; Allard et al. 2003; Carl and Ben-

jamin 2014) . It was firstly reported the experimental observation of unusual

oscillation of transmission coefficient of the bulk-reacting liner under grazing flow

over a particular range of frequencies by Aurégan and Singh (2014). The detailed

mechanism of the phenomenon is not well understood due to the difficulty in mea-

suring the magnitude of physical properties such as velocity and pressure inside

the porous material by experiment which is caused by the complex microstruc-

ture of porous liners. A numerical model that can capture the interaction between

aerodynamics and acoustic behavior of porous liner under grazing flow needs to

be developed. The success of the development of the numerical model can help

to better understand the mechanism of the instability and optimize the design

and manufacturing of porous liner in the future.
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1.2.2 Time domain impedance modelling under grazing flow

In many applications of acoustic liners, the liner is placed at hard walls of a

duct and the sound waves propagate along the wall and a grazing flow over the

acoustic liner is present. The presence of a grazing flow has significant influence

on the performance of an acoustic liner. All these models introduced in section

1.2.1 do not consider the flow effect to the acoustic behavior of porous materials.

Because models in frequency domain cannot capture the nonlinear effect directly,

time domain impedance modellings are widely used to study acoustic behavior of

lined surfaces in the presence of grazing flow.

Time domain impedance modellings under grazing flow usually are com-

posed of two parts: development of time domain impedance boundary condition

to describe the lining surface and accounts for the grazing flow conditions on the

surface (Richter et al. 2011). Because impedance is a frequency domain quantity

intrinsically, its time domain equivalent is required for the time domain impedance

modellings. For locally reacting liners, two types of time domain impedance mod-

ellings have been developed as reviewed in Richter et al. (2011). One is a time

domain impedance boundary condition based on mechanical mass-spring-damper

analogy formulated by Tam and Auriault (1996) and the other one is time do-

main impedance modelling derived from the extended Helmholtz resonator model

implemented by Chevaugeon et al. (2006) and Richter et al. (2007). In the pres-

ence of grazing flow over a surface lined with locally reacting liner, two different

approaches exist to account for the grazing flow effect (Richter et al. 2011): the

Ingard-Myers boundary condition (Ingard 1959; Myers 1980) and a fully resolved

boundary layer with no-slip condition at the lined surface applied by Zheng and

Zhuang (2005) and Reymen et al. (2007). The latter approach requires higher

grid resolution comparing with the previous one. Very often in existing impedance

models, in order to predict the impedance of liner in the presence of flow, it is

often to compute the acoustical propagation by assuming that the flow is poten-

tial (e.g. uniform and inviscid) and to consider the effect of the flow boundary
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layer and the effect of the lined wall in the boundary condition in the computa-

tion (Nayfeh et al. 1975). In this case, Ingard-Myers boundary condition which

applies the continuous acoustic normal displacement and acoustic pressure across

the boundary layer has been widely used in impedance modelling to deduce lined

wall impedance from acoustical measurements (Watson et al. 1999; Aurégan et

al. 2004; Elnady and Bodén 2004; Taktak et al. 2009; Eversman and Gallman

2011).

However, all these time domain impedance modellings under grazing flow

are regarding with locally reacting liners. No time domain impedance modelling

for bulk reacting porous liners under grazing acoustic incidence and grazing flow

problems is found in literature. In fact, since the acoustic wave is allowed to

propagate along the direction parallel to the wall of the porous liner, the acoustic

field inside and outside the porous liner are coupled and the liner cannot be classi-

fied with a single point number impedance (Singh 2016), time domain impedance

modelling may not be an appropriate approach to study aeroacoustic problems

of porous liners in such condition (under grazing acoustic incidence and grazing

flow). On the other hand, direct aeroacoustic simulation (DAS) solves the acous-

tic fields from the fluid perspective, treating acoustics as pressure fluctuation

instead of waves. It calculates the flow dynamics and acoustic fields simultane-

ously by solving the unsteady compressible Navier-Stokes (N-S) equations with

source terms which model the porous effect to the flow and the perfect gas equa-

tion of state. It captures the coupling of acoustic fields inside and outside porous

liner and nonlinear interaction between flow dynamic and acoustics intrinsically.

DAS could be a potential method to model the grazing flow over porous liner

problems.

1.2.3 Flow transport and convection equations in porous material

Because natural porous materials such as soil, beach sand and sandstone are

commonly used in civil constructions, mechanics of fluid flow through porous
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materials are widely studied in the fields of civil engineering and geophysics.

Flow problems in these fields are normally concerned incompressible fluid like

water at low velocity and the porous materials are often have low porosity (less

than 0.6) comparing with those applied as acoustic liners to reduce noise (Nield

and Bejan 2010). Darcy (1856) proposed the well-known Darcy’s law which de-

scribed the relation between the flow rate of steady state unidirectional flow in a

uniform porous medium and the applied pressure difference during his investiga-

tions on the hydrology of the water supply. Darcy’s law holds when the Reynolds

number of the flow based on pore or particle diameter of the porous material

is of order 1 or even smaller. Joseph et al. (1982) modified the Darcy’s law

by adding a Forchheimer term which models the form drag of the porous mate-

rial and this modified equation is valid to describe flow in porous material with

Reynolds number in the range 1 to 10 (Nield and Bejan 2010). Another term

Brinkman term was introduced by Brinkman (1949) to account for the transi-

tional flow between boundaries. The validity of Brinkman term is not completely

clear and in the fields of civil engineering and geophysics which concern the flow

transport inside the porous material in a macroscopic view rather than focus on

the porous material and clear fluid interface, Nield and Bejan (2010) conclude

that there is no need to consider Brinkman term for many practical purposes.

Lage (1993) conducted a scale analysis to study the importance of various terms:

Darcy, Forchheimer and Brinkman terms in different regimes. Most applications

in civil engineering and geophysics consider incompressible flow at low velocity

in porous material with low porosity and no energy equation is required to solve

the problems. Bonnet et al. (2008) pointed that the compressibility effect should

be taken into account even for low velocity air flow transport in porous material.

For aeroacoustic problems, that involve high velocity air flow, the compressibility

effect can not be neglected and the energy equation is necessary. Porous mate-

rials such as metallic foams are widely used in cooling systems as heat exchange

enhancer due to their high heat exchange efficiency and light weight (Vicente et
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al. 2006). In terms of conservation of energy, some studies in literature (Hsu

and Cheng 1990; Rochette and Clain 2005; Nield and Bejan 2010) investigate

convective heat transfer of porous material. However, in aeroacoustic problems,

the flow speed and the porosity of the porous acoustic liner are higher, even at

low Mach number (M = 0.2), the Reynolds number of the flow based on pore

or particle diameter of the porous material is of order 103, and the temperature

difference is small. Existing models of porous material applied in hydrogeophysics

or thermodynamics need modification to solve aeroacoustic problems.
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1.3 Objective and Scope of the Research

The objective of the present study is to develop a valid numerical model that

is able to capture aerodynamic and acoustic fields interactions in porous liners

accurately. Furthermore, the investigation of the mechanism of acoustics behavior

in a porous liner in presence of grazing flow is attempted. In the present study, two

dimensional (2D) aeroacoustic problems in porous material having a rigid frame

under low Mach number (M = 0.2) flow at Reynolds numbers up to 105 which is

commonly encountered in practical situations is investigated. The porous medium

studied in the current study is considered to be homogeneous without microscopic

structure, saturated with a single phase Newtonian fluid and is assumed to be in

local equilibrium with the fluid.

1.4 Methodology

The mechanism of aeroacoustic noise transmission in porous material is investi-

gated by experiments, analytical study and numerical simulation. Experimental

investigation usually uses grazing flow impedance tube (GFIT) (Aurégan et al.

2004; Aurégan and Leroux 2008; Jones et al. 2010; Brown et al. 2012; Wat-

son and Jones 2013; Aurégan and Singh 2014) as shown in Figure 1.5 but it

faces the difficulty and high cost of to remove background noise and obtain field

data such as pressure and velocity in the porous materials due to their complex

microstructures shown in Figure 1.4.

Figure 1.5: Schematic view of test section of the grazing flow impedance tube
(GFIT) with porous material (without anechoic terminations).
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Analytical study is often built based on a number of assumptions which

are hard to achieve or found in reality. Although the cost of analytical study is rel-

atively low, the applicability of the result is highly limited by those assumptions.

Numerical simulation shows various advantages on studying aeroacoustic prob-

lems. Once the appropriate numerical model is successfully built, a great number

of similar problems can be simulated easily by adjusting boundary conditions and

initial conditions. With the rapid development of computer capability, the cost

of numerical simulation has been significantly lowered.

Numerical approaches in aeroacoustics to calculate sound generation and

propagation in presence of flow are commonly known as Computational AeroA-

coustics (CAA). Comparing CAA, Computational Fluid Dynamics (CFD) is more

widely known to calculate aerodynamic problems. The differences between CAA

and CFD speaking of their nature, characteristics and objectives are described

and reviewed in Tam (1995). One of the main differences between CAA and CFD

is that CAA requires lower dissipation and dispersion numerical scheme to cap-

ture and predict the propagation of acoustic waves which is pressure perturbation

with small amplitude while commonly used CFD methods that damp these waves

out are poor in predicting acoustic behaviors. Two main types of methods of CAA

have been successfully applied in the past several decades to study the generation

of acoustic wave in flows and the associated nonlinear interactions between the

flow field and the acoustic field. One is hybrid CFD/CAA coupling method based

on acoustic analogy and the other one is Direct Aeroacoustic Simulation (DAS)

or Direct Numerical Simulation (DNS). The term DAS is used in this thesis to

distinguish DNS used in CFD.

In hybrid CFD/CAA coupling method, CFD and CAA calculations are

linked by this: CFD is commonly used to calculate the unsteady near-field flow to

find the aerodynamic noise sources; and CAA is used to simulate the propagation

and the radiation in the far field by the existing time dependent computational

flow field data Manoha et al. (2004). The flow filed and acoustic field are cal-
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culated separately in hybrid method, so the interaction between them can not

be captured. In the present study, the interaction between the flow field and

acoustic field could be the main reason to cause the unusual oscillation of trans-

mission coefficient of the porous liner under grazing flow over a particular range

of frequencies. The hybrid CFD/CAA is not appropriate for the present study.

1.4.1 Direct aeroacoustic simulation (DAS)

The other approach is direct aeroacoustic simulation (DAS) which calculates the

flow dynamics and acoustic fields simultaneously by solving the unsteady com-

pressible Navier-Stokes (N-S) equations and the perfect gas equation of state.

Direct aeroacoustic simulation (DAS) is adopted as numerical approach in the

present study since it is able to study the interaction between flow dynamics

and acoustics field comparing hybrid approach in which the calculation of the

flow and acoustics field is separated. The flow dynamics in porous material is

calculated by N-S equations with source terms which model the porous effect to

the flow. For DAS problems, the disparity of scales of physical variables such

as length and energy between the aerodynamic and acoustic fields is large. For

example, the propagating speed of the acoustic is Mach number times of flow dis-

turbances. Furthermore, the acoustic efficiency which is the ratio of the acoustic

power Pacoustic to the flow power injected to the system Pflow is promotional to

M3 (Curle 1955). In the present study, flow at low Mach number (M  0.2)

is concerned. Thus, the acoustic efficiency can reach up to 10�3. In order to

capture the acoustic behavior correctly in DAS, a low dispersive and low dissipa-

tive numerical scheme is required (Tam 1995; Lele 1992; Bogey and Bailly 2004).

Huge computational resources may be demanded when carrying out DAS by high

order compact finite difference schemes (Tam and Webb1993). One major limi-

tation of finite difference method is that is not suitable for complex geometries

with unstructured meshes (Hamdan and Dowling 1995). Finite element method

has the advantage that it is easily formulated to allow for unstructured meshes,
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but it is computationally expensive in terms of computation time and storage

requirements because of huge matrix calculations (Fan 2018).

This problem can be solved by implementing the second-order accurate

space-time conservation element and solution element (CE/SE) method proposed

by Chang (1995). It is built to first order in nature (Lam et al. 2014) so it is

more efficient than high order finite difference scheme Fan (2018). CE/SE is

an explicit fully discrete method which is different from semidiscretized meth-

ods including conventional finite difference method, finite element method and

finite volume method. In semidiscretized methods, time dependent partial dif-

ferential equations (PDEs) are converted to a set of algebraic equations with

respect to time by spatial discretization on a selected spatial mesh and then the

numerical solution of PDEs are obtained by the time integration of the algebraic

equations using time integrators such as Runge-Kutta method. CE/SE method

has a higher resolution in time so the unsteady behaviors can be captured more

accurately. CE/SE is a high-resolution scheme emphasizes on strict flux conser-

vation in space and time both locally and globally with low dissipation which

meets the numerical requirement of DAS. In addition, this scheme has several

other advantages such as avoiding an interpolation or extrapolation procedure

by introduction of conservation element and solution element for space-time flux

conservation calculation at interfaces, capturing shock without solving the Rie-

mann problem and applicability in unstructured mesh which is often a necessary

requirement for solving real-life problems. More details about advantages of us-

ing CE/SE method can refer to (Lam 2012). Porous modelling with application

to duct aeroacoustics is developed and implemented in the in-house DAS code

which adopted the CE/SE based time-domain method solving the compressible

N-S equations in the present study. In order to solve the calculation speed issue in

DAS, Message Passing Interface (MPI) has been successfully implemented in the

code in a data-parallel fashion to exploit clusters composed of relatively low-cost,

high-performance, massively-parallel machines to achieve large scale calculation.
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1.5 Organization of the thesis

The remainder of the thesis is organized as the following:

Chapter 2 introduces the formulation of the problem. It starts from a

review of approaches of modelling flow transport in porous material that derived

and applied in hydrogeophysics and convective heat transfer in porous material

in thermodynamics. The modified governing equations of BFDM for two dimen-

sional compressible flow for solving aeroacoustic problem is proposed afterwards.

Alternative possible model BPM is also introduced in this chapter.

Chapter 3 focuses on the implementation of the CE/SE method on the

governing equations for the DAS. After a brief introduction of the implementation

of CE/SE method for N-S equations, the numerical treatments of the source terms

which are used for describing porous effects and the fluid-porous interface are

specifically presented. Finally, the boundary conditions applied for the CE/SE

method is addressed.

Chapter 4 demonstrates the validation of the proposed models for flow

dynamics and acoustic modelling. The complete validation of the numerical mod-

elling is divided into three stages with different level of complexity. The first two

stages of validation are shown in this chapter to examine the capability of the

numerical models on capturing flow dynamics through and over porous material

as well as acoustic behavior of porous liner. The third stage which validates the

model’s capability of capturing the interaction between flow dynamics and acous-

tics is placed in the next chapter for completeness of aeroacoustics problems. The

validity of the the numerical model is established when it passes all the stages.

Chapter 5 discusses about the aeroacoustics of porous liner in the pres-

ence of grazing flow. After the validation for aeroacoustic modelling of grazing

flow over porous duct liner, analysis of the calculation result is presented to give

a reasonable explanation on the instability shown in the acoustic transmission

coefficient captured in the presence of grazing flow.

Chapter 6 summarizes the achievements and knowledge obtained in this
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thesis and comments on the further improvement and study of the time domain

direct aeroacoustic simulation of porous liner.



Chapter 2

Formulation of Physical Problem

In most applications, such as absorbing noise in power plants, ventilation ducts

and exhaust systems of vehicles, the porous liner is placed at hard walls of a

duct and the sound waves propagate along the wall and a grazing flow over

the porous material is present. The presence of a grazing flow has significant

influence on the performance of a porous absorber. To study the flow effect on the

sound absorption performance of the liner, grazing flow impedance tube (GFIT)

(Figure 2.1(a)) is used in experimental investigations. Because of the difficulty

in measuring the magnitude of physical properties such as velocity and pressure

inside the porous liners due to topological complexity of the porous material,

the detailed mechanism of the complicated nonlinear interactions between flow

dynamics and acoustics can be further studied through numerical modelling. In

most practical porous materials, the microstructures of the pores are complex and

their distributions are often highly irregular. It is computationally prohibitive to

model the microscopic behavior of flows through the pores. Thus, an approach

of modelling the flow inside porous material is set in a macroscopic view by using

volume averaging (also called spatial averaging) over a representative elementary

volume (REV) (Figure 2.2). Two kinds of averaging can be carried out based on

chosen different control volume (Nield and Bejan 2010). Here let’s take velocity as

an example to distinguish these two types of averaging. The volumetric average

velocity of fluid taken with respect to a control volume Vf consisting of fluid phase

18
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only is called intrinsic velocity, or interstitial velocity, v:

v =
1

Vf

ˆ
Vf

vdV. (2.1)

Considering a control volume V including both solid phase and fluid phase, the

average velocity of the fluid through entire V is usually called Darcy velocity

vDarcy (or seepage velocity or superficial velocity):

vDarcy =
1

V

ˆ
Vf

vdV. (2.2)

Figure 2.1: (a) Schematic view of test section of the grazing flow impedance tube
(GFIT) with porous material (without anechoic terminations). (b)
2D schematic view of test section of the GFIT with porous material.
(c) 2D schematic view of the porous media model using single domain
approach.
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Figure 2.2: (a) A metallic foam sample. (b) Schematic view of the representative
elementary volume (REV) (Sutliff and Jones 2009).

For the sake of simplicity, two dimensional assumption is made in the

present study. There are two popular approaches to model the coupled flow

through clear fluid and porous material, namely two-domain approach and single-

domain approach. Two-domain approach (Beavers and Joseph 1967; Ochoa-Tapia

and Whitaker 1995a; Ochoa-Tapia and Whitaker 1995b) treats the flow in clear

fluid region and porous material separately (Figure 2.1(b)) using different sets

of governing equations to describe the flow behavior in respective regions, and

couples them by implementing suitable boundary conditions at the interface sep-

arating the regions. Beavers and Joseph (1967) proposed a boundary velocity uB

at the clear fluid and porous material interface (y = 0 in Figure 2.1):

@u1

@y
|y=0+=

↵p
K

(uB � uDarcy), (2.3)

where y = 0+ is a boundary limit point from the clear fluid region, u1 is the

stream-wise fluid velocity in the clear fluid region, uDarcy denotes the stream-wise

Darcy velocity in the porous material, K is the permeability of porous material.

The quantity ↵ is an adjustable dimensionless parameter which characterizes the

structure of porous material within the boundary region and is obtained by a

best-fit of the experimental measured data. Beavers and Joseph (1967) found the

value of ↵ varying from 0.1 to 4 for different porous materials in their experiments.
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Ochoa-Tapia and Whitaker (1995a; 1995b) proposed another boundary condition

at the interface (y = 0) between fluid and porous medium that the velocity is

continuous but the shear stress suffers a jump change:

u1 |y=0= u2 |y=0, (2.4)

1

�
µ
@uDarcy

@y
|y=0� �µ

@u1

@y
|y=0+= µ

�p
K

uDarcy |y=0� , (2.5)

where y = 0� is a boundary limit point from the porous region, � is the porosity of

porous material, µ is the fluid dynamic viscosity, � is a dimensionless adjustable

coefficient and other parameters remain the same notation as before. Ochoa-

Tapia and Whitaker (1995b) declared that � may be either positive or negative

on the order of 1. It must bear in mind that generally in two-domain approach,

the adjustable coefficients ↵ and � have to be obtained from fitting experimental

measurements so they generally lack rigorous physical explanation (Tao et al.

2013).

The single-domain approach considers both clear fluid region and porous

medium as a single domain where the clear fluid region takes a value of porosity

� = 1 (Figure 2.1(c)). Only one set of governing equations can be employed to

describe whole domain without the need of specifying boundary conditions at

fluid and porous interface explicitly. Inside the clear fluid region, the governing

equations should recover the ordinary N-S equations for fluid flow entirely. The

single-domain approach is adopted in the present study.

2.1 Key morphological parameters of porous material

There are many morphological parameters describing its geometry and material

properties of porous material in literature. These parameters are essential to

model the flow and acoustic behavior through porous material. The definition

and measurement method of some parameters are even not clear. Some popularly
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used parameters are introduced here.

Porosity �

Porosity is a fundamental geometric parameter of porous material. It is also

known as open porosity or connect porosity (Allard and Atalla 2009). It is defined

as the ratio of the fluid phase volume to the total volume occupied by the porous

material, i.e.

� =
Vf

V
. (2.6)

The principles and methods for measuring porosity are introduced by Cham-

poux et al. (1991). Although there are some other measurement methods using

different procedures, the method proposed by Champoux et al. (1991) is consid-

ered more convenient and more accurate for acoustical porous material with high

porosity � > 0.7 (Jaouen et al. 2016). Porosity � is important for describing flow

quantities in porous material from macroscopic point of view. The Darcy veloc-

ity vDarcy and intrinsic velocity v are related via � by the Dupuit-Forchheimer

relationship (Nield and Bejan 2010) as

vDarcy = �v. (2.7)

Flow resistivity �

Flow resistivity is considered as the most significant parameter determining the

capability of absorption of common acoustical porous material with high porosity

(Jaouen et al. 2016). It is defined as the ratio of the pressure differential across

a sample of material to the normal velocity through the material

� =
p2 � p1
V h

. (2.8)



23

The quantity V in the above equation is the mean flow per unit area of the porous

material and h is the thickness of the sample (Figure 2.3). More details about

the measurement of � can be found in Bies and Hansen (1980) and Stinson and

Daigle (1988).

Figure 2.3: Schematic of set-up for flow resistivity measurement.

Static viscous permeability K

The static viscous permeability K is related to the flow resistivity with K = µ/�

where µ is the fluid dynamic viscosity. The static viscous permeability K, a pa-

rameter with unit m2, measures the capacity of a porous material to allow fluid

to pass through itself and it depends only on the micro-geometry of the porous

frame. The static viscous permeability is also known as Darcy permeability which

is considered the low frequency limit of the dynamic viscous permeability (Berry-

man 2003). More information about dynamic viscous permeability can be found

in Johnson et al. (1987) and Berryman (2003) and will not be detailed here. One

point should be made here that the word permeability used later in this thesis

refers to static viscous permeability (Darcy permeability). There are some popu-

lar empirical correlations to calculate the permeability widely used in literature.

For granular porous material Kozeny’s equation can be used to determine K as

(Nield and Bejan 2010)
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K =
d2
particle

�3

C(1� �)2
, (2.9)

where dparticle is the mean particle diameter of the granular porous material and

C is a shape factor determined empirically. Ergun (1952) obtained C = 150 for

packed columns composed of spheres and the equation is well known as Ergun’s

equation. It is interesting to note that the values of porosity of the porous mate-

rials tested by Ergun are in the range between 0.25 and 0.45, wheres those porous

material having a rigid frame used for noise absorption are normally higher than

0.7 and up to 0.99. Moreover, most acoustical porous liners with a rigid frame

such as metallic foams have cellular structure that are different from granular

structure porous material used in Ergun’s experiments. It is similar to use the

mean particle diameter dparticle to estimate the permeability of granular porous

materials, the mean pore diameter dpore is normally used to represent the char-

acteristic length of cellular structure porous material. In order to apply Ergun’s

equation to estimate the permeability of cellular porous materials, an equivalent

particle size dparticle for these materials was suggested by Innocentini et al. (1999)

based on the mean pore diameter dpore

dparticle = 1.5
(1� �)

�
dpore. (2.10)

Some studies in literature proposed equations in the form of Kozeny’s equation

(Equation (2.9)) replacing the particle diameter dparticle by the pore diameter dpore

with some constants to estimate the permeability for cellular porous materials (Du

Plessis et al. 1994; Bhattacharya et al. 2002; Tadrist et al. 2004).

Tortuosity ↵1

There are various interpretations of tortuosity ↵1 in literature. Tortuosity can

be interpreted as a parameter that quantifies the slowdown effect to the waves in

porous material (Yang and Sheng 2017). Acoustic waves propagating in porous
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materials are slowed down because the pores or fibers inside the materials are not

straight which provides additional hindrance to wave propagation. Tortuosity ↵1

is defined by the ratio of the length of the channel L to the straight-line distance

C between its two ends as shown in Figure 2.4 (Yang and Sheng 2017):

↵1 =
L

C
.

Figure 2.4: Length of the channel L and straight-line distance C in porous mate-
rial.

Other interpretations and discussion of tortuosity ↵1 can be found in

Johnson et al. (1987) and Berryman (2003). The methods of measuring tortuosity

are discussed in great details by Allard and Atalla (2009).

Viscous characteristic length ⇤ and thermal characteristic length ⇤
0

To model acoustic propagation in porous material having a rigid frame, an equiv-

alent fluid model is often used. Two key parameters are needed for this kind of

model: a complex effective density ⇢ and the complex bulk modulus Kbulk ac-

counting the viscous and thermal dissipations of the acoustic wave. In acoustic

field, the high-frequency behavior of these two parameters are characterized by

two lengths respectively: viscous characteristic length ⇤ and thermal character-

istic length ⇤0 (Allard and Atalla 2009).

Viscous characteristic length ⇤ was introduced by Johnson et al. (1987)

to replace the hydraulic radius for general micro-geometries. It is defined as
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2

⇤
=

´
A
v2
sur

dA´
V
v2
vol
dV

. (2.11)

In this equation, vsur and vvol represent the fluid velocity on the pore surface and

the velocity inside the pores respectively, A is the pore surfaces in the represen-

tative elementary volume and V is the volume of the pore. Viscous characteristic

length ⇤ is an intrinsic parameter only depending on the geometry of the frame.

Thermal characteristic length ⇤0 was introduce by Champoux and Allard (1991)

and was defined as

2

⇤0 =

´
A
dA´

V
dV

.

In this equation, A and V have the same meaning as those in Equation (2.11).

The viscous characteristic length ⇤ and the thermal characteristic length ⇤0 are

used to characterize the high frequency behavior of the effective density and the

bulk modulus which account for viscosity dissipation and thermal dissipation of

the acoustic wave respectively. Normally ⇤  ⇤
0 . More information about the

measurement of viscous characteristic length ⇤ and thermal characteristic length

⇤
0 can be found in Allard and Atalla (2009).

2.2 Approaches of modelling for Flow through Porous

Media in Literature

Flow transport in porous material has been widely studied in the field

of hydrogeophysics because soil, beach sand and sandstone are all natural porous

materials (e.g. Darcy 1856, Brinkman 1949 and Joseph et al. 1982). In terms

of the conservation of energy, Hsu and Cheng (1990), Rochette and Clain (2005)

as well as Nield and Bejan(2010) studied the convective heat transfer in porous

material. Some of approaches of modelling for flow through porous media in lit-

erature were studied and referred when developing direct aeroacoustic modelling
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of flow with porous medium and they are reviewed in this section.

2.2.1 Incompressible flow through porous media

Hsu and Cheng (1990) obtained macroscopic governing equations for incompress-

ible flow in porous media based on the method of volume averaging of the micro-

scopic equations. The macroscopic continuity equations is written as

r · vDarcy = 0. (2.12)

The conservation of momentum is given by Brinkman-Forchheimer-extended Darcy

equation for incompressible flow, which can be expressed as

⇢f [
@vDarcy

@t
+r · (vDarcy · vDarcy

�
)] =

�rpave + µ̃r2vDarcy �
µ�vDarcy

K
� ⇢f

F�vDarcy|vDarcy|p
K

. (2.13)

where subscript f indicates quantity associated with the fluid phase, pave = �pf ,

µ̃ is the effective viscosity and µ̃ = µ is adopted in Hsu and Cheng (1990), µ is the

fluid dynamic viscosity. F is Forchheimer coefficient which depends on the nature

of porous material and is often determined from laboratory measurements. The

second to the fourth term on the right hand side of Equation (2.13) are Brinkman

term, Darcy term and Forchheimer term respectively.

Darcy term mainly models the surface drag to flow due to friction. It is

derived from Darcy’s law (Darcy 1856) which is determined experimentally in a

study of steady unidirectional flow in a homogeneous porous material. It can be

expressed as

uDarcy = �K

µ

@p

@x
(2.14)

where uDarcy is Darcy velocity along x direction. It should be noted that p in

Equation (2.14) is intrinsic fluid pressure which is the volumetric average pressure

of fluid taken with respect to a control volume Vf consisting of fluid phase only

and the Darcy’s law should not be understood as balance of pressure drop and
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friction force averaged over a REV (Nield and Bejan 2010). The Darcy’s law

holds when Reynolds number based on pore diameter is of order unit or smaller.

As fluid velocity increases, the form drag, which is a kind of aerodynamic drag

due to solid obstacles shape in porous material and involves the separation of

boundary layers and wake formation behind solid obstacles (Nield 2000), becomes

comparable with the surface drag due to friction (Nield and Bejan 2010). In such

case, a Forchheimer term which accounts for the additional form drag is added

to Darcy’s equation to account for such phenomenon. According to Joseph et al.

(1982) the Darcy-Forchheimer equation can be expressed as

rp = � µ

K
vDarcy �

Fp
K

⇢|vDarcy|vDarcy. (2.15)

where vDarcy indicates Darcy velocity. One has to pay attention to the fact that

there is no consensus in the definition of Forchheimer coefficient in literature.

Rochette and Clain (2005) and Sobieski and Trykozko (2011) expressed Forch-

heimer coefficient as F/
p
K whereas Nield and Bejan (2010) simply described F

as a form-drag constant. Likewise, Arpino et al. (2011) and Tasnim et al. (2011)

denoted Forchheimer coefficient simply as F . The same notation is adopted in

this thesis, i.e. F = Forchheimer coefficient.

The viscous shear stress acting on a volume element of fluid is neglected in

Darcy-Forchheimer equation for porous material with small permeability. Brinkman

(1949) introduced a term µ̃r2vDarcy to account for transitional flow between

boundaries, where µ̃ is effective viscosity depending on the geometry of the porous

medium. Ochoa-Tapia and Whitaker (1995a) stated that the ratio of effective vis-

cosity to dynamic viscosity of fluid is 1/� by applying straight volume averaging.

This assumption µ̃ = µ/� is adopted in the current study.

Hsu and Cheng (1990) also obtained the macroscopic thermal energy

equation for convection in porous media that can be written as

@

@t
[�(⇢cp)f +(1��)(⇢cp)s]T +(⇢cp)fr · [vDarcyT ] = r · (kdrT +k

0
: rT ). (2.16)
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where (⇢cp)f and (⇢cp)s indicate the heat capacities of the fluid and solid phases

respectively, kd is the stagnant thermal conductivity of the fluid saturated porous

medium, k
0

is the thermal dispersion conductivity tensor, : denotes double-dot

product (tensor contraction) operator, T is the macroscopic temperature of the

porous medium.

The energy equation in Hsu and Cheng (1990) put the forced convection

in porous media in focus in which thermal dispersion effects are so dominant

that the rate of work done due to Brinkman term, Forchheimer term and Darcy

term could be neglected in their application. However, in practical aeroacoustic

problems, the viscous dissipation should be considered in flow as the temperature

difference within porous material is not significant.

2.2.2 One dimensional local heat transfer of compressible flow through

porous media

Bonnet et al. (2008) pointed that the compressibility effect should be taken

into account even for low velocity air flow transport in porous material. For

aeroacoustic problems, that involve high velocity air flow, the compressibility

effect can not be neglected. Rochette and Clain (2005) obtained a one dimensional

(1D) model to describe heat transfer of high speed compressible flow in porous

media composed of silica sand in the application to high breaking capacity (HBC)

fuse. In their model, Brinkman term was not included since the fluid they were

interested in was essentially governed by the convection and the pressure. The

governing equations of their one dimensional model were written as

@(⇢�)

@t
+

@(⇢�u)

@x
= 0, (2.17)

@(⇢�u)

@t
+

@(⇢�u2 + �p)

@x
= ��2 µ

K
u� �3 Fp

K
⇢ | u | u, (2.18)
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@(�E)

@t
+

@[(E + p) · �u]
@x

=
@

@x
(kfeff

@Tf

@x
)�Q, (2.19)

where ⇢, u, p are fluid intrinsic density, velocity and pressure, E is the fluid total

energy per unit volume, kfeff is the fluid phase effective thermal coefficient, Tf

is fluid temperature and Q denotes the thermal interaction between the fluid

and the solid grains. The fluid total energy per unit volume is calculated by

E = ⇢(e + u
2

2 ), where e = cvTf is the specific internal energy of fluid and cv is

the fluid specific heat at constant volume. The effective thermal coefficient for

granular porous material can be obtained based on the empirical correlation of

Amiri and Vafai (1994) as

kfeff = �kf +
1

2
[Pr(

⇢udparticle
µ

)]kf , (2.20)

where kf denotes actual thermal conductivity of the fluid, Pr = µcp

kf
is Prandtl

number with cp as the fluid specific heat coefficient at constant pressure. The

thermal interaction between the fluid and the solid grains Q is governed by an

empirical law (Hartnett and Rohsenow 1998) and is written as:

Q = hsfA0(Tf � Ts), (2.21)

where A0 is the specific interface surface area per unit volume and calculated by

A0 = 6(1��)/dparticle according to Jiang and Ren (2001). Ts denotes temperature

distribution of solid phase of porous material and evaluated by the classical heat

equation in Bortolozzi and Deiber (2001):

⇢scvs
@Ts

@t
=

kseff
(1� �)

@2Ts

@x2
+

Q

(1� �)
, (2.22)

where ⇢s is the solid density, cvs is the solid specific heat at constant volume

and kseff is the porous medium conductivity which is calculated by solid thermal

conductivity ks as kseff = (1� �)ks. The convection heat transfer coefficient hsf

in Equation (2.21) can be determined by empirical correlations. Two correlations

were introduced in Rochette and Clain (2005) and the authors stated that the
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heat transfer coefficients obtained from both expressions are essentially the same

at large Reynolds numbers but differ at low Reynolds numbers.

The system of equations is closed with the ideal gas equation of state

p = (� � 1)⇢e, (2.23)

where � is the ratio of specific heats of fluid.

The model proposed by Rochette and Clain (2005) may be applicable

to aeroacoustic problems with porous material but modification is required be-

fore applying to aeroacoustics since their model mainly concerns about the heat

transfer in porous material instead of flow dynamics. Their formulation of energy

equation neglects the rate of work done by Forchheimer term and Darcy term

because heat transfer between solid and fluid is dominant in their application

(e.g. nearly 900 K temperature difference). However, the rate of work done by

Forchheimer term and Darcy term cannot be neglected in flow at about room

temperature as there is no such high temperature difference in porous material.

2.2.3 Compressible flow in porous media in thermoacoustic systems

accounting viscous dissipation

To account for the viscous dissipation due to the porous effect, the rate of work

done by Darcy term, Forchheimer term and Brinkman term, Tasnim et al. (2011)

proposed governing equations for compressible flow in porous media composed of

reticulated vitreous carbon (RVC) in thermal-acoustic systems as,

@(�⇢)

@t
+r · (⇢vDarcy) = 0, (2.24)

⇢
DvDarcy

Dt
+
⇢F�p
K

| vDarcy | vDarcy = �rp��
µ

K
vDarcy+⇢g+ µ̃r2vDarcy, (2.25)
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⇢cp[�
@T

@t
+(vDarcy·r)T ] = r·(krT )+✏T�

Dp

Dt
+(

µ

K
+

⇢Fp
K

|vDarcy|)vDarcy·vDarcy,

(2.26)

where ✏ is the thermal expansion coefficient, �porous and k are porous medium heat

capacity ratio and overall thermal conductivity respectively which are defined as

(Bejan 2013)

�porous = �+ (1� �)
⇢scs
⇢cp

,

k = (1� �)ks + �kf ,

where ⇢s and cs are the density and the specific heat of the solid matrix of porous

material, ks and kf are thermal conductivity of solid and fluid respectively.

Two things should be noted about the governing equations obtained by

Tasnim et al. (2011). Firstly, the pressure p in their governing equations is not

explained to represent whether the fluid intrinsic pressure pf or the pressure aver-

aged over a representative elementary volume including both solid frame and fluid

in pores pave = �pf . Secondly, the energy dissipation contributed by Brinkman

drag term was not present in their thermal energy equation Equation (2.26) while

all three drag terms that model friction forces on flow in porous material, Darcy

term, Forchheimer term and Brinkman term were described in their momentum

equation Equation (2.25).

2.3 Direct Aeroacoustic modelling of Flow with Porous

Medium

In this section the direct aeroacoustic model for grazing flow over porous

medium developed for the present study is described. Only two dimensional

problems with low Mach number grazing flows are considered. The conductivity

in porous liner is assumed as the same as the fluid conductivity. The porous

medium is assumed saturated with air and in local equilibrium. Two numerical

models were attempted for porous aeroacoustic model development: Brinkman-
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Forchheimer-extended Darcy model (BFDM) and Brinkman penalization method

(BPM). By considering a finite control volume or an infinitesimally small fluid

element fixed in space with the fluid moving through it, the conservation form of

the modified two dimensional governing equations of BFDM can be written as

Conservation of Mass

@�⇢

@t
+r · (�⇢v) = 0, (2.27)

Conservation of Momentum

x component:

@(�⇢u)

@t
+r · (�⇢uv)

= �@(�p)

@x
+

@(�⌧̃xx)

@x
+

@(�⌧̃yx)

@y
� �2 µ

K
u � F⇢�3

p
K

u
p
u2 + v2, (2.28)

y component:

@(�⇢v)

@t
+r · (�⇢vv)

= �@(�p)

@y
+

@(�⌧̃xy)

@x
+

@(�⌧̃yy)

@y
� �2 µ

K
v � F⇢�3

p
K

v
p
u2 + v2, (2.29)

Conservation of Energy

@

@t
[�⇢(e+

u2 + v2

2
)] +r · [�⇢(e+ u2 + v2

2
)v]

= �r · (krT ) � r · (�pv) + @(u�⌧̃xx)

@x
+

@(u�⌧̃yx)

@y
+

@(v�⌧̃xy)

@x
+

@(v�⌧̃yy)

@y
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��3 µ

K
(u2 + v2)� F⇢�4

p
K

(u2 + v2)
3
2 . (2.30)

where

⌧̃xx =
2

3
µ̃(2

@u

@x
� @v

@y
), ⌧̃xy = µ̃(

@u

@y
+

@v

@x
), ⌧̃yy =

2

3
µ̃(2

@v

@y
� @u

@x
),

e denotes the internal energy of the fluid per unit mass and µ̃ is effective viscosity

µ̃ = µ/�. It is noted that all velocity variables in governing equations are intrinsic

fluid velocity instead of Darcy velocity.

It is important to point out that the energy equation in the present

model Equation (2.30) is different from Equation (2.26) in the model proposed

in Tasnim et al. (2011). Equation (2.26) treats the terms induced by Darcy

and Forchheimer term as viscous dissipation which accounts for the rate of con-

version per unit volume of mechanical energy into thermal energy. In terms

of the viscous dissipation, Nield (2000) and Al-Hadhrami et al. (2003) sug-

gested different expressions: {(µ/K)vDarcy · vDarcy � µ̃vDarcy · r2vDarcy} and

{(µ/K)vDarcy ·vDarcy+[@(u�⌧̃xx)
@x

+ @(u�⌧̃yx)
@y

+ @(v�⌧̃xy)
@x

+ @(v�⌧̃yy)
@y

]} respectively. Nield

(2004) commented Al-Hadhrami et al. (2003) work and stated that the differ-

ence between two models is negligible for small Darcy number (Da < 0.01) in

(Nield et al. 2004). All of their work argue the existence of drag forces (Darcy,

Forchheimer and Brinkman terms) decrease the fluid element’s kinematic energy

and this part of energy converts to internal energy of the fluid element. However

part of the decreased kinematic energy may contribute to the increase in thermal

energy of the solid matrix in the porous material, especially in some porous liners

such as metallic foam, the conductivity of the metal matrix is high and hence this

can not be neglected. In the present study, considering the fact that aeroacoustic

problems often deal with situations with small temperature difference, the Darcy

term and Forchheimer term are treated as body drag forces acting on the fluid

element by the solid matrix inside porous material. Since the direction of the
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drag forces is opposite to the direction of flow velocity, the negative sign is shown

in Equation (2.30) in the terms describing the rate of work done of Darcy and

Forchheimer terms.

By choosing appropriate reference length L̂0, reference velocity û0, ref-

erence density ⇢̂0, reference pressure ⇢̂0û2
0, reference viscosity µ̂0, reference tem-

perature T̂ 0 (with the notation ˆ denoting dimensional variable), the governing

equations of BFDM (i.e. Equation (2.27)-(2.30)) can be normalized and written

in strong conservation form as
@U

@t
+

@(F � Fv)

@x
+

@(G � Gv)

@y
= S (2.31)

where

U =

2

66666664

U1

U2

U3

U4

3

77777775

=

2

66666664

�⇢

�⇢u

�⇢v

�⇢E

3

77777775

,

F =

2

66666664

f1

f2

f3

f4

3

77777775

=

2

66666664

�⇢u

�(⇢u2 + p)

�⇢uv

�(⇢E + p)u

3

77777775

,G =

2

66666664

g1

g2

g3

g4

3

77777775

=

2

66666664

�⇢v

�⇢uv

�(⇢v2 + p)

�(⇢E + p)v

3

77777775

,

Fv =

2

66666664

fv1

fv2

fv3

fv4

3

77777775

= C1

2

66666664

0

�⌧xx

�⌧xy

�(⌧xxu+ ⌧xyv)� �qx

3

77777775

,
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Gv =

2

66666664

gv1

gv2

gv3

gv4

3

77777775

= C1

2

66666664

0

�⌧xy

�⌧yy

�(⌧xyu+ ⌧yyv)� �qy

3

77777775

,

qx = � µ

(� � 1)PrC2

@T

@x
, qy = � µ

(� � 1)PrC2

@T

@y
,

with

E =
p

⇢(� � 1)
+

u2 + v2

2
, p =

⇢T

�C2
.

� is the ratio of specific heat � = 1.4, C1 = 1/Re and C2 = M2, Reynolds number

Re = ⇢̂0û0L̂0/µ̂0, M is Mach number M = û0/ĉ0, ĉ0 =
q
�R̂T̂0, 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/T̂0

T + Ŝsu/T̂0

),

where Sutherland’s constant Ŝsu = 110.4 K and T̂0 = 288.2 K. 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 = ⇢T

�
, qx = � µ

(��1)Pr

@T

@x
and qy = � µ

(��1)Pr

@T

@y
.

The source term S is primarily responsible for modelling the effect of porous

material.

2.3.1 Source term of Brinkman-Forchheimer-extended Darcy model

(BFDM)

The normalized source term of the formulation of BFDM can be written as

SBFDM =

2

66666664

0

��2 µ

Re

1
Da

u� F⇢�
3

p
Da

u
p
u2 + v2

��2 µ

Re

1
Da

v � F⇢�
3

p
Da

v
p
u2 + v2

��3 µ

Re

1
Da

(u2 + v2)� F⇢�
4

p
Da

(u2 + v2)
3
2

3

77777775

, (2.32)
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where Darcy number Da = K̂/L̂2
0, K̂ is permeability of porous material, F

is Forchheimer coefficient. ��2 µ

Re

1
Da

u and ��2 µ

Re

1
Da

v in the source term are

normalized Darcy term and �F⇢�
3

p
Da

u
p
u2 + v2 and �F⇢�

3
p
Da

v
p
u2 + v2 are normalized

Forchheimer term respectively. ��3 µ

Re

1
Da

(u2+v2) and �F⇢�
4

p
Da

(u2+v2)
3
2 are rate of

the work done by Darcy term and Forchheimer term respectively. Mathematically,

in the fluid region, the source terms vanish because the Darcy number goes to

infinity and governing equations are recovered to non-dimensional Navier-Stokes

equations.

2.3.2 Source term of Brinkman penalization method (BPM)

Liu and Vasilyev (2007) proposed Brinkman penalization method (BPM) for cal-

culating compressible flows in porous medium. Their method adopts Brinkman

penalization terms � 
↵
u and �  

↵T
(T � Tp) in momentum and energy equation

as new simplified source terms to replace Brinkman term, Forchheimer term and

Darcy term. They argued 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 (Liu and Vasilyev 2007),

SBPM =

2

66666664

0

� 
↵
u

� 
↵
v

�  
↵T

(T � Ts)

3

77777775

, (2.33)

where

8
>><

>>:

 (x,y,t) = 1, x, y 2 Oi

 (x,y,t) = 0, otherwise

. Ts is the normalized temperature of the solid

frame in the porous material which is assumed to be as the same as T . Oi

indicates the porous medium. ↵ and ↵T are penalization coefficients which are

adjustable. However, the determination of ↵ and ↵T was not discussed in Liu

and Vasilyev (2007).



Chapter 3

Numerical Implementation

In this chapter, numerical implementation of the physical formulations is de-

scribed. It starts from the introduction of the numerical solver developed by

Lam et al. (2014) that adopts space-time CE/SE scheme to solve original ho-

mogeneous N-S equations. Then the approaches to treat the source terms that

model the porous effect to the aeroacoustical flow are described. Newton’s iter-

ative method (Loh and Zaman 2002) is finally adopted to treat the stiff source

terms. At the interface between porous and clear fluid area, there is a sudden

change of the flux due to the porosity difference between porous and clear fluid

region. Treatment of interface between fluid and porous material using a fictive

cell concept proposed by Mößner and Radespiel (2013; 2015) is illustrated in Sec-

tion 3.3. Finally, the treatment of boundary conditions used in the present study

is described.

3.1 Space-time CE/SE scheme for N-S equations

To solve the governing equations for DAS problems, CE/SE method with treat-

ment of source term is adopted. Lam et al. (2014) validated the capability of

CE/SE method for solving the interactions between low Mach number unsteady

flow and acoustics by calculating the benchmark aeroacoustic problems with in-

creasing complexity. The detailed description of the solver can be found in Lam

(2012). The concept is briefly introduced in this section. The decomposition

38
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of computational domain into non-overlapping triangles is shown in Figure 3.1.

Points B, D and F are three mesh points that form a triangular mesh. Point G

is the centroid of the triangular mesh formed by points B, D and F. Similarly,

points A, C and E are the centroids of the adjacent triangles. Solution point G*

is the centroid of the ABCDEF. In general, points G and G* are not the same

point.

Figure 3.1: Decomposition of computational domain

The definition of conservation element (CE) and solution element (SE)

is shown in Figure 3.2. The hexahedra ABGFA’B’G’F’, CDGBC’D’G’B’ and

EFGDE’F’G’D’ are three basic CEs, CEi(G⇤, n), i = 1, 2, 3,. The union of these

three basic CEs forms the combined CE at the n � th time level with G* as

its spatial location , which is denoted as CE(G⇤, n),. Conservation of fluxes is

enforced in CE(G⇤, n). Considering the spatial coordinates x and y, and time t

as coordinates of a three dimensional Euclidean space E3, the strong conservation

equation Equation 2.31 without source term (the treatment of source term will

be introduced separately in the next section) can be written as

r · J = 0, (3.1)

where r· is the divergence operator in E3 and J = (F � F v,G � Gv,U ). By
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applying Gauss’s divergence theorem to differential form of conservation law, the

conservation law can be expressed in the integral form,

˛
S(V )

J · ds = 0, (3.2)

where S(V ) is the surface of an space-time arbitrary region V in E3 and ds = d�n,

where d� is the area and n is the unit outward normal of the surface element on

S(V ).

In the combined CE, CE(G⇤, n), fluxes leave through its 8 surfaces

A’ABB, B’BCC’, C’CDD’, D’DEE’, E’EFF’, ABCDEF and A’B’C’D’E’F’. The

solution element (SE) is formed by the planes A’B’C’D’E’F’, BB”G”G, DD”G”G

and FF”G”G, which is denoted as SE(G⇤, n), where G* is its spatial location and

n denotes the n-th time level.

Figure 3.2: Geometrical definitions of CE & SE

The solution of SE(G⇤, n) is represented by the value at the solution

point G*. By applying the first order Taylor expansions, the value of flow vari-

ables of any location � within SE(G⇤, n),  (�) = U(�), F (�), G(�) can be

approximated by the value at the solution point G*,
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 (�)G⇤ =  G⇤ + �x( 
x
)G⇤ + �y( 

y
)G⇤ + �t( 

t
)G⇤ (3.3)

where �x = (x � xG⇤), �y = (y � yG⇤), �t = (t � tn), the subscripts x, y are

the spatial gradients in x and y direction respectively. These gradients can be

calculated by chain rule as

( 
x
)G⇤ =

@ 

@U
(Ux)G⇤,

( 
y
)G⇤ =

@ 

@U
(U y)G⇤,

( 
t
)G⇤ =

@ 

@U
(U t)G⇤.

In order to calculate the governing equations using CE/SE method F and

G in the governing Equation ((2.31)) can be expressed in terms of U as,

F =

2
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, (3.4)
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2
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where � ⌘ � � 1, A1 = � U
2
2+U

2
3

2U2
1

.

The Jacobian matrices required for CE/SE method can be written as

@F

@U
=

2

66666664

0 1 0 0

A1 � U
2
2

U
2
1

(3� �)U2
U1

�� U3
U1

�

�U2U3

U
2
1

U3
U1

U2
U1

0

U2
U1
A2 A3 � � U

2
2

U
2
1

�� U2U3

U
2
1

� U2
U1

3

77777775

, (3.5)

@G

@U
=

2

66666664

0 0 1 0

�U2U3

U
2
1

U3
U1

U2
U1

0

A1 � U
2
3

U
2
1

�� U2
U1

(3� �)U3
U1

�

U3
U1
A2 �� U2U3

U
2
1

A3 � � U
2
3

U
2
1

� U3
U1

3

77777775

, (3.6)
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where A2 = � U
2
2+U

2
3

U
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� � U4
U1
, A3 = � U4
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� � U
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2+U

2
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The viscous fluxes F v and Gv are approximated by F v(�)G⇤ and Gv(�)G⇤

respectively and are assumed to be constant within the solution element SE(G⇤, n).

Based on these, the N-S equation inside SE(G⇤, n) can be expressed as

(U t)G⇤ = �(F x)G⇤ � (Gy)G⇤. (3.7)

J at �within SE(G⇤, n) can be approximated by J(�)G⇤,

J(�)G⇤ ⌘ [F (�)G⇤ � F v(�)G⇤,G(�)G⇤ �Gv(�)G⇤,U (�)G⇤]. (3.8)

The calculations of fluxes in three basic CEs, CEi(G⇤, n), i = 1, 2, 3, are assigned
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to the solution elements SE(A⇤, n� 1/2), SE(C⇤, n� 1/2) and SE(E⇤, n� 1/2)

respectively and A*, C* and E* are the solution points of the neighboring ele-

ments of G* as shown in Figure 3.1. Thus, all the approximated flow variables

and fluxes can be expressed in terms of the independent variables U , Ux and Uy.

UG⇤ at n-th time level, Un

G⇤ can be calculated by the enforcement of the flux con-

servation within CE(G⇤, n). Since the flux is cancelled between the interfaces of

CEi(G⇤, n), i = 1, 2, 3, the determination of Un

G⇤ only needs to calculate the flux

leaving CE(G⇤, n) at its surfaces. The fluxes leaving CE(G⇤, n) are calculated by

U
n� 1

2
A⇤ , Un� 1

2
C⇤ , Un� 1

2
E⇤ and their spatial gradients respectively. The spatial gradi-

ent of Un

G⇤, (Ux)nG⇤ and (U y)nG⇤ are updated with the simplified Courant Number

Insensitive Scheme (SCNIS) proposed by Yen and Wagner (2005). Courant num-

ber insensitive scheme allows a proper control over the reduction of numerical

dissipation while maintaining the accuracy which is required for a stable numeri-

cal solution of an unsteady nonlinear problem and overcomes numerical diffusive

behavior for low Courant number (Dwivedi et al. 2019).

3.2 Treatment of the source term

As explained in subsection 2.3.1, mathematically, the source terms vanish in the

fluid region because the Darcy term goes to infinity and governing equations are

recovered to non-dimensional Navier-Stokes equations. For numerical implemen-

tation the porosity value is used as a condition to justify whether the element

is in the fluid region or the porous region. If the porosity value with more than

10�10 difference between 1, the element will be considered in the porous region

and the source term will be applied for calculation.

Two approaches of source term treatment were attempted in the current

study. The first approach is to directly add the source term to the homogeneous

solution (S = 0) without iteration.

U = UH + S(U )4t (3.9)
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where UH is the homogeneous solution, S is the source term in the governing

equations which is a function of U . Unfortunately, attempts by using this ap-

proach to calculate a uniform flow case failed because the source term is so stiff

that the results are divergent. The second approach is to apply Newton’s iterative

method (Loh and Zaman 2002) to treat the stiff source terms.

A Newton iterative procedure to calculate Ucan be expressed as

U (i+1) = U (i) � (
@�

@U
)�1[�(U (i))�UH ], (3.10)

where i is the iteration number, �(U ) = U � S(U )4t , S is the source term in

the governing equation ((2.31)) which is a function of U , UH is the homogeneous

solution (S = 0).

3.2.1 Brinkman-Forchheimer-extended Darcy model

For Brinkman-Forchheimer-extended Darcy model, the source term S can be

expressed in terms of U as,
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�(U ) = U � S(U )4t =
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where U is
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The Jacobian matrix @�
@U

is given by

@�

@U
= 4t
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C1 = �A1, C2 = �A2. The quantities ( @�
@U

)�1[�(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 .

3.2.2 Brinkman penalization model

For Brinkman penalization model,
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where U is

U =

2

66666664

U1

U2

U3

U4

3

77777775

=

2

66666664

⇢

⇢u

⇢v

⇢E

3

77777775

.

The Jacobian matrix @�
@U

is given by

@�

@U
=

2

66666664

1 0 0 0

��

⌘

U2

U
2
1
4t 1 + �

⌘

1
U1
4t 0 0

��

⌘

U3

U
2
1
4t 0 1 + �

⌘

1
U1
4t 0

0 0 0 1

3

77777775

, (3.12)

The aforementioned convergence criterion is adopted in this method.

3.3 Treatment of interface between fluid and porous

material

The governing Navier-Stokes equations for clear fluid and the modified equations

with source term for porous material are solved simultaneously. When calculat-

ing cases involving fluid and porous material interface, no interface conditions

have been specified directly in the current models since they are solved from the

governing equations automatically. In CE/SE method (Section 3.1), the flow

variables are calculated by the enforcement of the flux conservation within con-

servation element. At the interface between porous and clear fluid area, there is

a sudden change of the flux due to the porosity difference between porous and

clear fluid region. It was observed that Mößner and Radespiel (2013; 2015) used

a fictive cell concept to successfully overcome their pressure jump problem at the

porous and clear fluid interface in their solver. The sudden change of the flux at

the interface in the present models can also be solved by using fictive cell method.

In this method, the porous cell is converted to a fictive clear fluid cell where the

solutions are equal to those in the porous cell divided by the porosity � of the
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porous material. The fluxes into the clear fluid cell are then calculated by using

the solutions of the newly created fictive clear fluid cell. On the other hand, the

clear fluid 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 �. The

visualized procedure of fictive cell method is shown as Figure 3.3. It is noted

that the spatial and time gradients of the solution values are also calculated by

applying fictive cell method.

Figure 3.3: Usage of fictive cells to compute flux over porous and clear fluid in-
terface

3.4 Boundary conditions

Accurate boundary conditions are essential to the CAA. A little change of the

boundary conditions may lead to a totally different solutions of the governing

equations. Therefore it is very important for the boundary conditions to be

consistent with the physics.
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Figure 3.4: Boundary cell and ghost cell

Ghost cell approach was adopted to implement boundary conditions in

CE/SE scheme. As shown in Figure 3.4, ghost cell mirrors the boundary cell at

the boundary interface. The solution values and their spatial gradients of the

ghost cell are assigned based on the the type of the boundary condition. The

boundary conditions implementation in CE/SE method mainly followed Lam

(2012). In following sections, several boundary conditions used in validation cases

are described. The subscripts ’b’, ’g’ and ’0’ are used to denote the boundary cell,

ghost cell and reference value of property respectively. Readers can refer to Lam

et al. (2014) for the details of different boundary conditions.

3.4.1 Non-reflecting boundary condition (NRBC)

Because a computation domain is inevitably finite in size, outflow boundary con-

ditions are necessary to be imposed to allow the acoustic and flow disturbances to

leave the computation domain. Non-reflecting boundary condition (NRBC) de-

termines the amount of the non-physical reflection at the outlet boundary. The

solution in the interested domain can be seriously contaminated by the erroneous

numerical reflected waves. For subsonic aeroacoustic simulation, the propagation
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speed of acoustic information is higher than the flow speed, the acoustic informa-

tion can go back to the domain interior once it exits at the NRBC and influence

the upstream region. In order to avoid this problem, the implementation of the

NRBC in CE/SE method is set as following and the implementation has been

validated by Loh (2003) .

⇢g = ⇢0, pg = p0, ug = ub, vg = vb

and

(Ux)g = (Ux)b, (U y)g = (U y)b.

3.4.2 Sliding wall boundary condition (SLWBC)

Sliding wall boundary condition is commonly applied in the inviscid flow with

wall surface. This boundary condition is set by

⇢g = ⇢b, pg = pb, ug = ub, vg = vb,

⇢xg = ⇢xb, pxg = pxb, uxg = uxb, vxg = vxb,

⇢yg = ⇢yb, pyg = pyb, uyg = uyb, vyg = vyb.

3.4.3 No-slip wall boundary condition (NSWBC)

No-slip wall boundary condition describes the no-slip solid wall boundary in the

N-S simulation. In the present study, following Lam’s development Lam (2012),

near wall approach introduced by Chang (2007) is employed in simulation and it

is set by

⇢g = ⇢b, pg = pb, ug = uw, vg = vw,
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where uw and vw are the velocities at the wall.



Chapter 4

Validation for Flow Dynamic and Acoustic

modelling

The validation of the numerical modelling was divided into two stages with dif-

ferent levels of complexity. In the first stage, its capability of simulating flow

dynamics in porous material was examined. It was tested by two benchmark

cases. The first test case (Section 4.1.1) is a uniform flow through a homogeneous

porous medium under a given pressure gradient with sliding walls. Afterwards,

the performance of the model on simulating flow at porous and fluid interface was

examined by an experimental investigation on the transition layer thickness at

a fluid-porous interface (Section 4.1.2) (Goharzadeh et al. 2005). In the second

stage, the capability of the model of capturing acoustic fields was examined by

calculating a previous experiment investigating acoustic behavior of a homoge-

neous porous material carried out by Aurégan and Singh (2014) (Section 4.2).

4.1 Flow behavior through and over porous material

4.1.1 Uniform flow through porous material

The conservation of momentum equation for one dimensional inviscid flow in

porous material is governed by

@(�⇢u)

@t
+r · (�⇢uv) = �@(�p)

@x
� S,

52
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where S = � 
↵
u for Brinkman penalization method (BPM) and S = ��2 µ

K
u �

F⇢�
3

p
K
u
p
u2 + v2 for Brinkman-Forchheimer-extended Darcy model (BFDM).

Under incompressible flow assumption, for BPM, the steady fully developed fluid

motion in the porous medium is governed by

dp

dx
= � 

⌘
u. (4.1)

For BFDM, the normalized equation describing the steady fully developed fluid

motion in the porous medium can be written as

dp

dx
= ��

µ

Re

1

Da
u� F⇢�2

p
Da

u2. (4.2)

The flow is supposed to keep the uniform velocity profile when the pressure gradi-

ent set for simulations balances the penalty terms in BPM and the sum of Darcy

term and Forchheimer term in BFDM.

4.1.1.1 Case settings

The flow and numerical settings are shown schematically in Figure 4.1. The height

of the porous medium Ĥ = 0.01 m is chosen as the reference length. The size of

computation domain is 20⇥1 with uniform mesh sizes 4x = 0.05 and 4y = 0.02

generated using ANSYS ICEM CFD. The CAA code converts all the quadrilateral

elements into triangular elements by dividing the quadrilateral elements in a

cross. Non-reflecting boundary condition is set at the outlet. Mach number is

M = 0.002. The porosity of the porous medium � is 0.6. The reference density

and reference viscosity are set by the air density and air viscosity respectively,

⇢̂0 = 1.225 kg/m3, µ0 = 1.795⇥ 10�5 kgm-1s-1 giving a Reynolds number ReH =

465.363. For BPM, adjustable parameter ↵ and ↵T is set as 0.01 based on Liu and

Vasilyev (2007). For BFDM, Darcy number Da and Forchheimer number F are

set to 0.004 and 0.002 respectively. Initially uniform velocity is set everywhere

inside porous medium.
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Figure 4.1: Schematic view of uniform flow in porous material.

4.1.1.2 Results

BFDM solution

As shown in Figure 4.2, the velocity u along x direction of check point calculated

by BFDM becomes steady and is very close to analytical solution. Its relative

error unumerical�uanalytical

uanalytical
is within the range from �5⇥ 10�4% to 9⇥ 10�4%. The

numerical results of pressure and pressure gradient also show agreement with

analytical solution. The relative error of pressure pnumerical�panalytical

panalytical
is within the

range between �2⇥ 10�5% and 1⇥ 10�5%.
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Figure 4.2: Variation of normalized velocity u along time at x = 10 of the do-
main. (a) y = 0.5; (b) y = 0.25; (c) y = 0.85. The red line shows
the analytical solution. The blue symbols show the numerical result
calculated by BFDM. The green lines show the numerical solution
calculated by BPM.

BPM solution

For BPM, the velocity along x direction u drops quickly from initial condition

1 to around 0.1 as shown in Figure 4.2. This result may be influenced by the

determination of adjustable parameters ↵ and ↵T . Since there is no discussion

on the determination of ↵ and ↵T in literature, BPM was not further adopted in

the current study.

4.1.2 Grazing flow over porous material

The experiment conducted by Goharzadeh et al. (2005) is chosen to examine

the effectiveness of modelling of flow behavior at clear fluid and porous interface.

They measured two-dimensional flow velocity in the interfacial region by particle

image velocimetry (PIV) and refractive index matching (RIM) in order to investi-
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gate the thickness of the transition layer which is defined by the thickness between

the permeable clear fluid-porous interface and the place where the flow velocity

decreases to the Darcy scale. The schematic of experiment setup is shown in Fig-

ure 4.3. The dimensions of the rectangular horizontal open channel are 50⇥10⇥5

cm3. The porous material sample was put at the central region of the channel

with the dimensions 34⇥4⇥5 cm3. Several porous samples with different physical

properties were measured in their experiments and the porous sample selected to

in the simulation is the glass bed GB3 with porosity � = 0.41 ± 0.01, grain size

diameter d = 0.65 cm and permeability K = 1.3 ⇥ 10�8 ± 6.9 ⇥ 10�10 m2. The

fluid used in the experiment was silicon oil mixture and the Reynolds number

Ref based on the maximum flow velocity at the fluid surface along x direction

and the height of the fluid layer over the porous material Hf is

Ref =
umaxHf

⌫
= 21.

The fluid height over the porous material was fixed as Hf = 4 cm in their exper-

iment.

Figure 4.3: Schematic of the experiment setup employed in Goharzadeh et al.
(2005)
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The flow in the clear fluid region and in the porous material was measured

using PIV. The measurements at the fluid-porous interface are shown in Figure

4.4 and Table 4.1. In Figure 4.4, the solid black dots and white circles denote the

horizontal velocity component of the intrinsic velocities u calculated by averaging

over the fluid region Vf and the Darcy velocities uDarcy which calculated by av-

eraging over the volume V that contains both fluid and solid phase. Goharzadeh

et al. (2005) observed that the decrease in both velocity profiles is continuous

within the interfacial region and both the horizontal velocities decrease drasti-

cally within a small layer. The layer between the permeable interface and the

place where the flow velocity decreases to the Darcy scale represents a transition

zone and is often called as the Brinkman layer (Goharzadeh et al. 2005). For

the third glass beads (GB3) sample in their experiment, the transition layer is

0.66 cm and below y = �0.66 cm both velocities are averaged to ū = 2.3⇥ 10�4

cm/s with a standard deviation of � = 4.1⇥ 10�5 cm/s. As it was introduced in

Section 2.1, the Darcy velocity vDarcy and intrinsic velocity v are related by the

Dupuit-Forchheimer relationship (Nield and Bejan 2010) as:

� = |vDarcy|/|v|. (4.3)

Therefore, the variation of porosity � normal to the interface can be calculated

by and approximated by fitting an exponential function in the form (Hsu and

Cheng 1991)

�(y) = �1 + (�0 � �1)e(C1y+C2y
2+C3). (4.4)

where y is the distance from the fluid-porous interface. �1 is the porosity in

the Darcy region of Figure 4.4 (b) which is far away from the the fluid-porous

interface and �1 = 0.41. �0 is the porosity at the interface and �0 = 1. C1, C2

and C3 are fitting coefficients.
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Figure 4.4: Vertical profile of horizontal velocity component in the central region
of the the channel (x ⇡ 25 cm) (Goharzadeh et al. 2005). (a) Zoomed
at interface region; (b) zoomed inside porous region (GB3, Hf = 4
cm, Ref = 21).

Table 4.1: Magnitudes of the averaged horizontal Darcy velocity uDarcy and intrin-
sic velocity u at different positions above and below the fluid-porous
interface. The values of uDarcy are retrieved from TABLE V. in Go-
harzadeh et al. (2005) and the values of u are extracted from Figure
4.4.

y (cm) uDarcy (⇥10�4 cm/s) u (⇥10�4 cm/s)

0.03 3480 3480
�0.04 2490 2543.8
�0.11 1550 1667.7
�0.18 875 1039.3
�0.25 451 622.4
�0.32 222 359.5
�0.38 84 148
�0.45 28 63.4
�0.52 8 24.2
�0.59 2.5 6
�0.66 1.7 3

4.1.2.1 Case settings

The numerical result calculated by the present model is compared with the ve-

locity profile at central region of the channel (x ⇡ 25 cm) measured in their
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experiment to examine the modelling capability. Figure 4.6 shows the setting

of the computational domain which follows the experimental setup with GB3

sample used by Goharzadeh et al. (2005). The mesh is generated using ANSYS

ICEMCFD with uniform mesh size 4x = 0.05 and 4y = 0.00625. The CAA

code converts all the quadrilateral elements into triangular elements by dividing

the quadrilateral elements in a cross. The parameters of porous material and

flow used in calculation follow the settings in that experiment: the porosity of

the porous sample � = 0.41, the average particle diameter d̂particle = 0.65 cm, the

height of the fluid layer Ĥf = 4 cm, Reynolds number ReHf
= 21. The maximum

flow velocity at the fluid surface along x direction ûmax and Ĥf are chosen as

reference length and reference velocity. The transition layer thickness and the

porosity variation in the transition layer is set based on the data in Goharzadeh

et al. (2005). The fitting coefficient C1, C2 and C3 in Equation (4.4) are �5.31,

�225.53 and �0.0816 respectively with the fluid-porous interface y = 0 and the

comparison of the approximated porosity variation and the experimental data is

shown in Figure 4.5.
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Figure 4.5: The porosity variation of the porous material GB3 in Goharzadeh et
al. (2005). The black asterisk shows the experimental data. The
blue line is the fitting function in the form �(y) = �1 + (�0 �
�1)e(C1y+C2y

2+C3).

The permeability is calculated based on Carman-Kozeny equation (Hsu and

Cheng 1991),

K =
d2
p
�3Fp(�)

180(1� �)2
,

where Fp(�) is a function depending on porosity and defined as

Fp(�) = 1� e[�10( 1��
� )].

The Forchheimer coefficient F = 0.1076 is estimated by the empirical equation

(Nield and Bejan 2010)

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
. Gravity effect is considered in this case because the fluids used

in the experiment (Goharzadeh et al. 2005) are silicon oils instead of air. Other

terms with Froude number Fr are added to the source terms and new source
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terms become

S =
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where Froude number Fr = u0/
p
g0L0.

Figure 4.6: Schematic of computational domain.

4.1.2.2 Results

The comparison of present numerical result with experimental data measured by

by Goharzadeh et al. (2005) and other results from literature (Gualtieri 2010;

Tao et al. 2013) is shown in figure 4.7. The results calculated using present model

with the porous and fluid interface treatment using fictive cell concept (Mößner

and Radespiel 2015) matches the experimental data best. This shows that the

proposed approach can accurately capture the flow behavior in both fluid and

porous region as well as at their interface. Therefore, the present porous model

is considered to pass the first stage of the validation successfully.
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Figure 4.7: Velocity profile along the cross section at the center of the domain
x = 6.25. The black circles are experimental values in Goharzadeh
et al. (2005). The red dashed line shows present numerical result.
The magenta dotted line shows the numerical result calculated by
Gualtieri (2010). The blue dashed line shows the analytical solution
with linearly variable porosity, C = 18, obtained by Tao et al. (2013).
The green dash-dot line shows the analytical solution with exponen-
tially variable porosity obtained by Tao et al. (2013).

Figure 4.8 shows plots of the p, u, v distribution in computation domain

of the time-stationary solution.
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Figure 4.8: Plots of physical properties distribution in computational domain.
(a): pressure; (b) u; (c) v.

It should be noted that the transition layer’s setting is crucial for porous

materials with such low porosity. The thickness of transition layer is defined as

the height below the permeable interface to which the flow velocity decreases to

the Darcy scale (Goharzadeh et al. 2005). Without correct setting of the transi-

tion layer, the flow behavior at the fluid-porous interface can not be accurately

captured. Goharzadeh et al. (2005) observed that the length scale of the transi-

tion layer is of the order of the grain diameter instead of the square root of the

permeability as predicted by previous theoretical studies (Kaviany 1991) which

is much smaller. The Reynolds number and the height of the fluid layer were

found to strongly affect the vertical gradient of the velocity (Goharzadeh et al.

2005). However, the quantified relations between vertical gradient of the veloc-

ity, Reynolds number as well as fluid layer’s height needs to be determined by

further experiment. Moreover, whether the thickness of transition layer of other

porous materials (besides glass beds and granulates measured in experiments in



64

Goharzadeh et al. (2005)) also obeys this observation needs to be examined by

further experiments.

4.2 Acoustic behavior of porous liner

The experiment conducted by Aurégan and Singh (2014) is selected to validate

the capability of capturing acoustic behavior of a homogeneous porous material by

the present model. The experimental setup is schematically described in Figure

4.9. In their experiments acoustic waves are generated by a loudspeaker and

propagate in a rectangular duct partly lined with a metallic foam (RECEMAT,

NC4753.05 nickel-chromium alloy, https://www.recemat.nl/). In order to avoid

any skeleton vibrations, the metallic foam is selected as rigid as possible. The

dimensions of the porous liner are 200 mm long, 25 mm thick and 100 mm wide.

The physical parameters of the metallic foam are measured and shown in the

Table 4.2 below.

Table 4.2: Morphological parameters of the metallic foam (RECEMAT,
NC4753.05 nickel-chromium alloy) used in Aurégan and Singh (2014)
experiment.

porosity � 0.99
tortuosity ↵1 1.17

viscous characteristic length ⇤ (m) 1⇥ 10�4

thermal characteristic length ⇤0 (m) 2.4⇥ 10�4

resistivity � (kgm-3s-1) 6.9⇥ 103

The dimensions of the rectangular duct are 100 mm wide and 15 mm in

height. Acoustic sources and anechoic termination are set at each end of the duct.

Two configurations of microphones are located at lower wall and upper wall of the

rectangular duct respectively. For the microphones at lower duct wall, two series

of microphones ui and di (i = 1, 2, 3, 4) are located upstream and downstream

of the liner and their positions are given: xu1 � xu2 = xd1 � xd2 = 63.5 mm,

xu1 �xu3 = xd1 �xd3 = 211.5 mm, xu1 �xu4 = xd1 �xd4 = 700 mm. The distance

between the microphone u1 (or d1) and the porous liner’s leading edge (or trailing
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edge) is not given in literature. The acoustic source drives a swept-sine excitation

over the frequency range 100�3000 Hz with a frequency increment of 5 Hz at 134

dB sound pressure level (SPL). The duct dimensions allow only the plane wave

and the first order mode wave to propagate along the width of the duct. Since

the microphones are put at the mid-width of the duct in the experiment, only

the plane waves can be measured in the rigid parts of the duct for the frequency

range of interest (100� 3000 Hz).

Figure 4.9: Schematic view of the experiment setup in Aurégan and Singh (2014).
1: porous material, 2a: four upstream microphones, 2b: four down-
stream microphones, 2c: array of 11 microphones, 3a: upstream
acoustic source, 3b: downstream acoustic source, 4a: upstream ane-
choic termination, 4b: downstream anechoic termination.

The anechoic transmission and reflection coefficients |T+| and |R+| are

determined based on the 2⇥ 4 flush mounted microphones upstream and down-

stream of the liner by applying two sources method (Aurégan et al. 2004),

2

64
(p

�
1

p
+
1
)I (p

�
1

p
�
4
)II

(p
+
4

p
+
1
)I ( p

+
4

p
�
4
)II

3

75 =

2

64
T+ R�

R+ T�

3

75

2

64
1 (p

�
1

p
+
1
)II

(p
�
4

p
+
1
)I 1

3

75 .

The results are plotted in the Figure 4.10. The superscript + represents the inci-

dent wave along x direction (from left to right in Figure 4.9) and the superscript

� refers to the incidence wave against x direction. The superscripts I and II

indicate the first and second measurements respectively. The first measurement

is carried out with the upstream source on and downstream source off and the
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second measurement goes with the downstream source on and upstream source

off. Both |T�| and |R�|, which are absolute values of transmission and reflec-

tion coefficients when the acoustic wave propagates against x direction (from left

and right in Figure 4.9), are also calculated and plotted in Aurégan and Singh

(2014). It is interesting to note from their experimental results that the trans-

mission coefficients |T+| and |T�| were equal but the reflection coefficients |R+|

and |R�| were not strictly identical. The small difference (< 10%) in reflection

coefficients in both directions could be attributed to some inhomogeneity of the

porous material properties. Such situation does not occur with present numeri-

cal calculations. Therefore only transmission and reflection coefficients |T+| and

|R+| along x direction are selected to validate the present numerical model.

The acoustic absorption coefficient |A+| of the porous liner is calculated

based on the transmission and reflection coefficients |T+| and |R+| by the relation

|A+| = 1� |T+|2 � |R+|2.

The absolute value of the absorption coefficient is also plotted in the Figure 4.10.
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Figure 4.10: Acoustic coefficients of the porous liner determined in Aurégan and
Singh (2014). The red line is transmission coefficient |T+| , blue line
is reflection coefficient |R+| and green line is absorption coefficient
|A+|.

4.2.1 Case settings

The computational domain essentially follows the experimental setup conducted

by Aurégan and Singh (2014) (figure 4.11). A uniform mesh with 4x = 0.05 and

4y = 0.01 is set between �50 < x < 63.3. There are total 50 elements in each

buffer zone stretched exponentially along x direction with maximum 4x = 76 and

minimum 4x = 0.05. The mesh is generated using ANSYS ICEMCFD. The CAA

code converts all the quadrilateral elements into triangular elements by dividing

the quadrilateral elements in a cross. The parameters of metallic foam porous

liner and duct used in calculation follows the experiment: the porosity � = 0.99,

resistivity �̂ = 6900 kgm-3s-1, height of the duct ĥ = 15 mm. However, according

to the website information of the manufacturing company of the metallic foam

used in experiments (Aurégan and Singh 2014), the porosity of the RECEMAT,

NC4753 nickel-chromium alloy is 0.9. Therefore, numerical calculations based

on both � = 0.99 and � = 0.9 were conducted and the effect of the porosity

to the acoustic behavior of the porous liner can be observed by comparing the
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calculation results of both porosity values (Figures 4.13 to 4.16). Duct height ĥ

and free-stream acoustic speed ĉ0 are selected as reference length and reference

velocity so the Reynolds number Reh = 3.49 ⇥ 105 and Darcy number Da =

K̂

ĥ2 = µ̂

�̂ĥ2 = 1.153 ⇥ 10�5. Forchheimer coefficient F = 0.520 was estimated by

the empirical equation (Nield and Bejan 2010), F = 0.55(1� 5.5dpore

De
), where the

pore diameter dpore is 0.4 mm, De is defined in terms of the height hp and width

wp of the porous material by De =
2wphp

wp+hp
. The broadband acoustic excitation is

set at x = �50 with frequencies that correspond to a range from 4.412 ⇥ 10�3

(100 Hz) to 0.132 (3000 Hz) with an increment of 4.412 ⇥ 10�4 (10 Hz). The

excitation functions follow those adopted in Fan (2018), i.e.

p0
incident

= pA

291X

n=1

sin(2⇡fnt+ ✓n),

where pA is pressure amplitude and this value is constant for all frequencies

fn, ✓n is uniformly random phase. In order to excite incoherence broadband

frequencies, the randn () function in MATLAB is used to generate different phases

for frequencies. The amplitude of the acoustic pressure at the excitation position

in Figure 4.11 (x = �50) is set as 9.906⇥ 10�8. The sound pressure level at the

point (�47.5, 0.5) is checked with the value of 75 dB. The time step 4t is 0.001

and the total calculation time T is 2500. The sampling frequency is 100. The

time needed for fast Fourier transform (FFT) analysis to identify the frequency

components (with increment of 4.412 ⇥ 10�4) is 2266.66. The calculation result

from time t = 233.34 to t = 2500 was used for FFT analysis to make sure that

the simulation reaches its time stationary state.

It should be noted that no transition layer which is the region between

the permeable interface and the place where the flow velocity decreases to the

Darcy scale is implemented in this case. There are three reasons not to do so.

The first reason is the thickness of the transition layer and the porosity distri-

bution in the layer are not known for the metallic foam (RECEMAT, NC4753

nickel-chromium alloy) and very difficult to obtain because the complicated mi-
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crostructure of metallic foam. Secondly, assuming the observation by Goharzadeh

et al. (2005) that the thickness of the transition layer is of the order of the grain

diameter of spherical glass beds is also applicable for cellular structured porous

material such as metallic foam, the thickness of the transition layer of the metallic

foam is too thin to be captured by the grid. Thirdly, unlike the porous materials

tested in Goharzadeh et al. (2005) with relatively low porosity about 0.41, the

metallic foam used in (Aurégan and Singh 2014) with high porosity � = 0.99.

The transition layer may not play a role as important as it played in the case

shown in subsection 4.1.2.

Figure 4.11: Schematic view of the computational domain (not-to-scale).

4.2.2 Results

Acoustic transmission and reflection coefficients of the lined part are calculated

based on the optimized Multiple Microphone Method (MMM) proposed by Jang

and Ih (1998). The spectra of incident and reflected pressures p+ and p� are

calculated by solving the overdetermined linear matrix equation,

Ax = b,

where

A =

2

66666664

exp(i�+x1) exp(i��x1)
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�+and �� are the incident and reflected plane wave propagation constants and

defined as �+ = �(k � i�)/(1 +M) and �� = (k � i�)/(1�M). k indicates the

wave number, M is the mean flow Mach number, and � denotes the attenuation

constant which is set zero in the present study for simplicity. The spectra of

incident and reflected pressures p+ and p� are obtained by x = (AHA)�1AHb.

AH indicates the Hermitian matrix of A. According to Jang and Ih (1998), both

the theoretical and experimental results show that evenly spaced measurement

points within a half wavelength yield the smallest error. As shown in Figure 4.12,

checkpoints at the lower wall of the duct x1to x7 from x = �21 to x = �3 with

increment of 3 and x10 to x70 from x = 16.3 to x = 34.3 are selected to calculate

upstream incident and reflected pressures p+ and p� and downstream incident

and reflected pressures p
0+ and p

0� respectively.

Figure 4.12: Schematic view of the checkpoints location for Multiple Microphone
Method (MMM) calculation

Figures 4.13 to 4.16 respectively show the comparison of numerical trans-

mission coefficient |T+|, reflection coefficient |R+| and absorption coefficient |A+|

with experimental data given in Aurégan and Singh (2014). It can be seen in

Figure 4.13 that calculated |T+| of � = 0.99 and � = 0.9 show almost no differ-

ence in low frequency range below 0.03 (680 Hz) and the |T+| of the porous liner

with � = 0.99 has a bit lower value in medium and high frequency range (680 Hz

to 3000 Hz). The percentage deviation of the two calculated |T+| is calculated

by

||T+|�=0.9 � |T+|�=0.99|
|T+|�=0.99

⇥ 100%,



71

and it has the trend growing with the frequency as shown in Figure 4.14. The

maximum deviation of two |T+| is just about their porosity difference, 10%. Com-

paring both calculated |T+| with experimental result, it could be observed that

the calculated |T+| show agreement with experimental result in general trend,

both numerically calculated |T+| have a bit higher value than experimental data

in low frequency range (100 Hz to 680 Hz) and high frequency range (1700 Hz to

3000 Hz) while have a bit lower value in medium frequency range. In short, the

variation of the porosity has limited effect to transmission coefficient of porous

liner and the discrepancy comparing with experimental data may be caused by

the difference between the two dimensional and homogeneous porous material

assumption of the modelling and the experiment.

Figure 4.13: Transmission coefficients |T+| of the porous liner. The red line with
circle markers is experimental data from Aurégan and Singh (2014);
green dashed line is numerical result with � = 0.9; blue solid line is
numerical result with � = 0.99.
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Figure 4.14: Percentage deviation of calculated |T+| with � = 0.9 and � = 0.99.

As shown in Figure 4.15, the calculated |R+| of � = 0.9 and � = 0.99

are almost the same. Both calculated results show good agreement with exper-

iment data in low frequency range below 0.0525 (1190 Hz). The shift of |R+|

comparing with experimental data may be caused by the difference between the

two dimensional and homogeneous porous material assumption of the modelling

and the experiment as well.
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Figure 4.15: Reflection coefficient |R+| of the porous liner. The red line with
circle markers is experimental data from Aurégan and Singh (2014);
green dashed line is numerical result with � = 0.9; blue solid line is
numerical result with � = 0.99.

Figure 4.16 shows the comparison between two calculated |A+| and ex-

perimental data. Because the absolute value of |A+| was calculated based on |T+|

and |R+| as explained above, the trend of two calculated |A+| also shows agree-

ment with the experimental data in general and shift in high frequency range

from 0.0856 to 0.132 (1940 Hz to 3000 Hz).



74

Figure 4.16: Absorption coefficient |A+| of the porous liner. The red line with
circle markers is experimental data from Aurégan and Singh (2014);
green dashed line is numerical result with � = 0.9; blue solid line is
numerical result with � = 0.99.

As shown in Figure 4.17, a finer mesh with 4x = 0.02 between �50 <

x < 63.3 was used to simulate the case with � = 0.9 and the result has no obvious

difference. Lam (2012) assessed the spatial resolution requirement of CE/SE

method and observed that accurate aeroacoustic solution can be obtained when

the number of cells per minimum wavelength is larger than 10. The minimum

wavelength of this simulation is 7.56. Therefore, the use of 4x = 0.05 is sufficient

to capture the acoustic behavior in the present study accurately. The percentage

deviation of the two calculated |T+| with mesh size 4x = 0.02 and 4x = 0.05 is

shown in Figure 4.18, and it is calculated by

||Coeff+|4x=0.02 � |Coeff+|4x=0.05|
|Coeff+|4x=0.05

⇥ 100%,

where Coeff indicates acoustic coefficients T,R,A. The maximum deviation of

acoustic coefficients is found well within 2%.
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Figure 4.17: Comparison of absolute value of the transmission coefficient |T+|
(red) and reflection coefficient |R+| (blue) and absorption coefficient
|A+| (green) of the porous liner with grid size 4x = 0.05 (dashed
lines) and 4x = 0.02 (dotted lines).

Figure 4.18: Percentage deviation of calculated acoustic coefficients with grid size
4x = 0.05 and 4x = 0.02. (a) transmission coefficient; (b) reflection
coefficient; (c) absorption coefficient.
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In conclusion, the present BFDM porous model has the capability in

capturing acoustic fields of duct lined with porous liner. Thus, the proposed

approach has been successfully validated in the second stage.

Figure 4.19 and 4.20 show snapshots of pressure fluctuation distribution

from time t = 300 to t = 550. This time duration is about one wave period

of the the acoustic wave with lowest frequency. At t = 300, the peak of this

acoustic wave reaches the leading edge of the porous liner. Because it is broadband

incoherent incidence (from 100 Hz to 30000 Hz with increment of 10 Hz, 291

frequencies in total) in numerical calculation, the plots of pressure fluctuation do

not show strong periodic characteristics.
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Figure 4.19: Snapshots of pressure fluctuation distribution.
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Figure 4.20: Continued.



Chapter 5

Aeroacoustics of Porous Liner in the presence of

grazing flow

Aeroacoustics of porous liner in the presence of low Mach number (M = 0.2)

grazing flow is investigated in this chapter. It is divided into three sections

essentially. Section 5.1 examines the present modelling capability of capturing

the interactions between the flow dynamics and acoustic fields is examined by

the experiment conducted by Aurégan and Singh (2014) investigating acoustic

behavior of a homogeneous porous material under grazing flow (Section 4.3).

The validity of the numerical model will be established when it passes all the

above tests. Flow dynamics before and after acoustic excitation are investigated

in Section 5.2 to help to have a better understanding on the interaction between

the flow dynamics and acoustic fields. Finally, Section 5.3 discusses the influence

of the excited sound pressure level on the calculated acoustic coefficients which

explains the discrepancy between experimental and numerical results.

5.1 Validation for aeroacoustic modelling of grazing flow

over porous duct liner

Aurégan and Singh (2014) conducted experiments using the same facilities as

described in Section 4.2 to investigate the acoustic behavior of the porous liner

under grazing flow. A grazing flow generated by the compressor (5 in Figure

79
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5.1) is superimposed to the acoustic waves. The flow profile was measured and

compared with the theory for a fully developed turbulent flow in a 2D channel

to make sure that the flow became fully developed upstream of the liner. They

conducted experiments with mean flow for Mach number M = 0.2 and M = 0.3.

In the present study only M = 0.2 is selected to examine the capability of

the numerical model in capturing the interactions between the flow dynamics and

acoustics. According to their previous works (Aurégan and Leroux 2008; Renou

and Aurégan 2011), the Mach number was an average Mach number instead of

the Mach number based on the maximum flow velocity. Their flow profiles were

measured just upstream of the liner and compared to the theoretical solution

(Schlichting 1979):

u+ = u

u⇤ = y+, in the laminar sublayer y+ < 11,

u+ = u

u⇤ = 2.5lny+ + 5.5, in the logarithmic zone 2y
h
< 0.2,

umax�u

u⇤ = 6.3(1� 2y
h
)2, near the center line 0.2  2y

h
 1,

where u⇤ is the friction velocity and umax is the maximum velocity (at the center

line of the duct). u⇤ = 3.14 m/s and umax = 75.30 m/s were used to fit their

experimental data. y+ is the reduced coordinate and defined by y+ = yu
⇤

⌫
, where

the kinematic viscosity of air ⌫ = 1.51⇥10�5 m2/s was used which gave the mean

Reynolds number Re = 6.74⇥104 for the average Mach number M = 0.2. Figure

5.2 shows that the experimental data are with good agreement with the theoretical

flow profiles and the flow can be considered as fully developed turbulent flow.
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Figure 5.1: Schematic view of the experiment setup in Aurégan and Singh (2014).
1: porous material, 2a: four upstream microphones, 2b: four down-
stream microphones, 2c: array of 11 microphones, 3a: upstream
acoustic source, 3b: downstream acoustic source, 4a: upstream ane-
choic termination, 4b: downstream anechoic termination, 5: compres-
sor.

Figure 5.2: Comparison of experimental flow profiles (diamonds, circles and
squares) and theoretical fully developed turbulent flow profile (dashed
line, dotted line and solid line) for mean Mach number 0.1, 0.2 and
0.3.
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5.1.1 Case settings

Figure 5.3 shows the computation domain which follows the experimental setup

for flow at Mach number M = 0.2 conducted by Aurégan and Singh (2014). In

order to capture the boundary layer effect of the flow, a finer mesh setting with

4y = 0.005 is set, which corresponds to 4y+ = 15. The mesh is generated using

ANSYS ICEMCFD. The CAA code converts all the quadrilateral elements into

triangular elements by dividing the quadrilateral elements in a cross.

Figure 5.3: Schematic view of the computation domain.

A fully developed turbulent velocity profile was calculated based on clas-

sical logarithmic-overlap layer (White 2011),

u

u⇤ =
1


ln
yu⇤

⌫
+ B. (5.1)

By choosing appropriate reference length L̂0, reference velocity û0, reference den-

sity ⇢̂0, Equation (5.1) can be normalized as

u

u⇤ =
1


lnRe⇥ y ⇥ u⇤ + B,

where u⇤ is the friction velocity, the dimensionless constants  and B are found

to have the approximate values  ⇡ 0.41 and B ⇡ 5.0. Maximum flow velocity

umax is selected as reference velocity. Reynolds number based on the height of

the duct Reh is 6.98⇥ 104.

The normalized friction velocity u⇤ = 0.0437 is calculated based on

umax = M = 0.2 at y = 0.5. It should be noted that the difference between

the Mach numbers in the numerical calculation and experimental measurements:
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the Mach number M = 0.2 is the ratio of the maximum flow velocity over speed

of sound in numerical calculation while the Mach number in experiments were

calculated based on the averaged flow velocity, the Mach number in experiment

based on the maximum flow velocity is Mmax = 0.22. The comparison of gen-

erated flow velocity profile based on logarithmic-overlap layer Equation (5.1) at

inlet (x = �650) for numerical calculation and experimental measured velocity

profile right before the liner (Aurégan and Leroux 2008) is shown in Figure 5.4.

The x axis of Figure 5.4 is u/umax, where umax for numerical calculation indicates

umax = 68.00 m/s and umax = 75.30 m/s for experimental measurements.

Figure 5.4: Comparison of generated flow velocity profile based on logarithmic-
overlap layer at inlet (x = �650) for numerical calculation (red solid
line) and experimental data right before the liner (Aurégan and Ler-
oux 2008) (black dots).

The time step size 4t is 0.001. Figure 5.5 shows the pressure value at
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locations upstream and downstream of the porous liner as well as the center and

the trailing edge of the porous liner. It can be observed that the flow becomes

time stationary from around t = 2700.

Figure 5.5: Pressure at the upstream of the porous liner (�21, 0), center of the
porous liner (6.6, 0), trailing edge of the porous liner (13.3, 0) and
downstream of the porous liner (34.3, 0).

A comparison between the developed velocity profile ahead the porous

liner at x = �1 at t = 3000 and the experimental data right ahead the liner

(Aurégan and Leroux 2008) is shown in Figure 5.6. Turbulence modelling has

not been successfully developed and implemented in the present study and it

will be further completed to reproduce the better mean velocity profile in future

works.
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Figure 5.6: Comparison of flow velocity profile between numerical result at x =
�1 (blue dotted line) and experimental data right ahead the liner
(Aurégan and Leroux 2008) (black dots).

The acoustic excitation is injected into the flow after it has reached its

time stationarity, at t = 3000. The excitation functions follow those adopted in

Fan (2018), i.e.

p0
incident

= pA

291X

n=1

sin(2⇡fnt+ ✓n),

where pA is pressure amplitude and this value is constant for all frequencies

fn, ✓n is uniformly random phase. The amplitude of the acoustic pressure at the

excitation position in Figure 5.3 (x = �50) was set as 0.0015. The sound pressure

level at the point (�47.5, 0.5) was checked with the value of 133 dB under uniform

flow with sliding walls as boundary conditions. The acoustic excitation was set
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at x = �50 with a broadband frequency that corresponds to a range from 0.022

(100 Hz) to 0.6615 (3000 Hz) with increment of 2.206 ⇥ 10�3 (10 Hz). In order

to excite incoherence broadband frequencies, the randn () function in MATLAB

was used to generate different phases for frequencies. The calculation time from

acoustic excitation to the end of calculation is 1000. The sampling frequency

is 1000. The time needed for fast Fourier transform (FFT) analysis to identify

the frequency components (with increment of 0.0022) is 453.332. The calculation

result from time t = 3546.668 to t = 4000 is used for FFT analysis to make sure

that the simulation reaches its time stationary state.

5.1.2 Result

Acoustic transmission and reflection coefficients of the lined part were calculated

based on the optimized Multiple Microphone Method (MMM) proposed by Jang

and Ih (1998) as introduced in Subsection 4.2.2. As shown in Figure 4.12, check-

points at the lower wall of the duct x1to x7 from x = �21 to x = �3 with

increment of 3 and x10 to x70 from x = 16.3 to x = 34.3 were selected to calculate

upstream incident and reflected pressures p+ and p� and downstream incident

and reflected pressures p
0+ and p

0� respectively.

The calculated transmission coefficient in flow direction |T+| and the

corresponding experimental result in Aurégan and Singh (2014) are compared in

Figure 5.7. The unusual oscillation of transmission coefficient of the porous liner

over about the same range of frequencies is captured by this numerical model.

Taking a closer look of the comparison, the unusual oscillation starts around the

same frequency f = 0.132 (600 Hz) while the oscillation in numerical result ends

at f = 0.3 (1365 Hz) which is a bit lower than the experiment f = 0.352 (1600

Hz). Nearly 10% difference between the flow speed in numerical calculation and

experiments may contribute to the phenomenon that the numerical result has a

little more narrow frequency band with unusual oscillation occurs in transmission

coefficient. It was observed in Aurégan and Singh (2014) that the frequency band
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where oscillation appears for flow speed at Mach number M = 0.2 is more narrow

than the frequency band for flow speed at M = 0.3 and the frequency band with

about the same start point as shown in Figure 5.8. The reason of wiggles in lower

and higher frequency ranges may be caused by the amplitude of acoustic source

which will be discussed in subsection 5.3.

Figure 5.7: Transmission coefficient |T+| of the porous liner along flow direction
at M = 0.2. The green line with circle markers is the experimental
value in Aurégan and Singh (2014). The red line is the numerical
calculated result.
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Figure 5.8: Absolute value of measured transmission coefficient |T+| of the porous
liner along flow direction at different Mach numbers based on average
flow velocity with the same sound source level in Aurégan and Singh
(2014).

Figure 5.9: Reflection coefficient |R+| of the porous liner along flow direction at
M = 0.2. The green line with circle markers is the experimental value
in Aurégan, Yves and Singh (2014). The red line is the numerical
calculated result.
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The comparison between the numerical calculated reflection coefficient

|R+| of the porous liner under grazing flow and experimental result is shown in

Figure 5.9. The discrepancy between numerical result and experimental data may

be caused by three aspects: the difference between 2D assumption of the mod-

elling and realistic 3D experiments, the difference between homogenous porous

material assumption of the modelling and realistic heterogeneous porous material

with complex microstructures as well as the the absent of an accurate turbu-

lent modelling which can replicate the boundary layer effect in the experiments.

Among all these three possible reasons, the last one is estimated as the major

reason with lowest difficulty in optimizing.

Aurégan and Singh (2014) suggested that the transmission coefficient in

flow direction T+ can be seen as the sum of acoustic contribution T+
a

and a con-

tribution due to the hydrodynamic effects T+
h

. The net oscillations in |T+| was

regarded as interferences between the acoustic and hydrodynamic waves which

propagate at different velocities. In order to further validate the numerical model,

the frequency for maximum amplitude of the hydrodynamic mode fmax is com-

pared with the experimental value.

To separate acoustic contribution and hydrodynamic contribution of T+,

method used in Aurégan and Singh (2014) is applied in the present study. The

absolute value of transmission coefficient |T+| without grazing flow is smooth as

shown in subsection 4.2.2, therefore the acoustic contribution T+
a

can be obtained

by fitting T+ to filter the oscillations, and hydrodynamic wave transmission co-

efficient T+
h

can be further extracted by T+ � T+
a

. In order to fit the calculated

T+ to obtain acoustic contribution T+
a

, the form T+
a

= e�jkaL was assumed in

Aurégan and Singh (2014) where ka is acoustic wave number and L is the length

of the porous liner. It should be noted that the all T+, T+
a

and T+
h

are all complex

arrays and |T+|, |T+
a
| and |T+

h
| are their absolute values. ka is approximated by

a complex polynomial of degree 7 that fits the data of wave number k best in a

least-square sense. The blue dashed line in Figure 5.10 is the absolute value of
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transmission coefficient contributed by acoustic wave |T+
a
|.

Figure 5.10: Absolute value of calculated transmission coefficient |T+| (red line)
and of the fit |T+

a
| (blue dashed line).

The hydrodynamic wave transmission T+
h

are obtained by T+�T+
a

. The

absolute value |T+
h
| is plotted in Figure 5.11, the dotted line represents results at

first 12 frequencies from 0.0221 to 0.0463 (100 Hz - 210 Hz) that show unusual

values and are excluded when fitting by Gaussian function to find the peak values.

The frequency for maximum amplitude of the hydrodynamic mode fm is 0.2093

which is close to the value 0.2096 (950 Hz) observed in (Aurégan and Singh 2014)

at Mach number M = 0.2.
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Figure 5.11: Absolute value of the hydrodynamic wave transmission coefficient
|T+

h
|. The blue dashed line is the Gaussian function used to fit the

amplitude curve.

5.2 Unsteadiness of flow dynamics

In order to attempt to explain the reason for the unusual oscillations in trans-

mission coefficient of porous liner in the presence of grazing flow and uncover the

mechanism of the interaction between flow dynamics and acoustics, unsteadiness

of flow dynamics in the absence and in the presence of the acoustic excitation are

investigated in this section.

5.2.1 Flow dynamics in the absence of acoustic excitation

Figure 5.12 shows the snapshots of vorticity distribution of the flow from t = 2990

to t = 3000 in the absence of acoustic excitation. It can be seen from the vortex

pattern that the vortex generates and propagates regularly in the region upstream

of the porous liner’s trailing edge (x < 13.3) and starts to transit to irregular after

passing the trailing edge (13.3 < x < 30), finally turns to fully irregular far field

downstream of the porous liner (x > 30). The propagation speed of the vortex

and the period of the vortex generation and appearance are investigated.
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Figure 5.12: Snapshots of vorticity in the absence of acoustic excitation.

As shown in Figure 5.12, the vorticity is highest at the wall and the value

is positive (counterclockwise) at the upper wall and negative (clockwise) at the

lower wall. The vortex first starts to roll up at the fluid-porous interface around

a quarter of the porous liner length from its leading edge (x = 3.5) and its paring

vortex shows up at the upper wall behind it regarding with the position along x

direction. It can be explained by the wall discontinuity that is from no-slip wall

to fluid-porous interface. Because of the porosity of the porous liner, when flow

comes to the leading edge of the porous liner, a part of flow goes into the porous

liner. This phenomenon can be observed from both Figure 5.13 which is plots of

instantaneous flow velocity at t = 3000 and Figure 5.14 which is plots of mean

flow velocity calculated from t = 2800 to t = 3000. Flow next to the fluid-porous

interface experience a shear force change from the friction force coming from no-

slip wall to drag effect due to porous liner while other part of flow do not feel

the change of drag force at the moment, vortex starts to roll up when the flow

pass the leading edge of the porous liner. When the flow leaves the porous liner,

it encounters wall discontinuity again, but this time from fluid-porous interface
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back to no-slip wall. It can be observed from the zoomed plot in Figure 5.12 that

there is a “tail” (a trail of weak vorticity) affiliated to the main vorticity pattern.

The position of the trail to the main vorticity pattern changes from the left to

the right gradually as the vortices approach to the trailing edge of the porous

liner. It may be because the opposite wall discontinuity scenario: at the leading

edge of the porous liner the wall discontinuity is from no-slip wall to fluid-porous

interface and is from the interface to wall at the trailing edge.

Figure 5.13: Velocity distribution at t = 3000. (a) and (b) u and its zoomed view.
(c) and (d) are v and its zoomed view.

Figure 5.14: Time average velocity distribution calculated from t = 2800 to t =
3000. (a) and (b) are u and its zoomed view. (c) and (d) are v and
its zoomed view.
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Vortex propagation speed

In order to observe the propagation speed of the vortex at the fluid-porous inter-

face and upper wall respectively, the vortex p at the interface as well as vortex

s and q at the upper wall in snapshots of vorticity evolution from t = 2970 to

t = 3000 shown in Figures 5.15 to 5.16 are selected. The reason to choose these

vortices is because during this time period, vortex p and vortex s developed just

from rolling up to its shape deforms heavily, the propagation speed can be ob-

served and averaged by following this process. The vortex q is the paring vortex

of vortex p, following the development of p, q can help us to know about the

propagation speed variation between one pair of vortices.
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Figure 5.15: Snapshots of vorticity evolution.
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Figure 5.16: Continued.

The trajectories of these vortices are plotted in Figure 5.17. Least-square

linear fit is applied to each trajectory to obtain its propagation speed. It can be

seen from Figure 5.17 that the propagation speed of the vortex p at the interface
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before becoming irregular shape is about 0.593 and the speed of the vortex q and

s at the upper wall is about 0.64� 0.65. The distance with regard to x direction

between the vortex pairs at the interface and upper walls is around 2 at first and

the distance increase due to the propagation speed difference.

Figure 5.17: Propagation speed of the vorticity at the fluid-porous interface up

and at upper wall uqand us. p and q are a pair of vortexes generated
at the lower wall and upper wall respectively. s is a vortex generated
at the upper wall and usis tracked from its generation to its shape
deformed heavily.

In the regular vorticity pattern region, the vortex generates and prop-

agates periodically. In order to observe the period, FFT analysis was applied

at different locations within the regular vorticity pattern region. Time history

values of pressure from t = 2800 to t = 3000 are adopted for FFT analysis to wait

for the flow becomes time stationary state. Figure 5.18 and Figure 5.19 show the

spectra of pressure at selected locations around fluid-porous interface and upper

wall respectively. Two pressure peaks are observed in the plots. The stronger

first peak appears at the frequency f1 = 0.31 and the second peak appears at

f2 = 0.615 to be its first harmonics. Figure 5.20 shows snapshots of vorticity with

time increment T = 1/f1 = 3.3. The seemingly frozen vorticity pattern further
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confirms the flow regularity in the region of interest.

Figure 5.18: Spectra of pressure at selected locations around the fluid-porous in-
terface.

Figure 5.19: Spectra of pressure at selected locations around the upper wall up-
stream of the trailing edge of porous liner.
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Figure 5.20: Snapshots of vorticity over evolution periods. Vortices m and n are
chosen as references to show the periodic phenomenon clearly.

As for the pressure value, the maximum pressure at locations around the

interface (y = 0.166) is around 0.06 and only 0.03� 0.04 at locations around the

upper wall (y = 0.846). And the second peak pressure values around the interface

(y = 0.166) are also a bit larger than those around the upper wall (y = 0.846).

This suggests that the pressure fluctuation around the fluid-porous interface is

higher than the pressure fluctuation around the upper wall. This can also be

observed from the Figure 5.21(a), a plot of instantaneous pressure at t = 3000.

However, the mean pressure at the fluid-porous interface is lower than its at the

upper wall, as shown in Figure 5.21.

Figure 5.21: Plots of pressure around the porous liner. (a) is plot of instantaneous
pressure at t = 3000. (b) is plot of mean pressure calculated from
t = 2800 to t = 3000.

Because the shape of the vorticity deforms heavily in the irregular vortic-
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ity pattern region, there is no way to calculate the vortex propagation speed by

tracking some vortices as above in regular vorticity pattern region. FFT analysis

was applied at different locations in transition region and fully irregular vorticity

pattern region. Time history values of pressure from t = 2800 to t = 3000 are

adopted for FFT analysis to wait for the flow becomes time stationary state. Fig-

ure 5.22 and 5.23 show spectra of pressure at selected locations around the lower

wall and upper wall respectively. It can be observed that there is still one signif-

icant peak in the plots of pressure in transition region at x = 19.3 and the peak

appears at the exactly the same frequency as above in regular vorticity pattern

region. But the value of the peak around the lower wall in transition region is

less than half of the value at fluid-porous interface. For locations far downstream

of the porous liner, no significant peak appears. Figure 5.24 shows spectra of

pressure at selected locations for Multiple Microphone Method (MMM) calcula-

tion downstream of porous liner. It is noted that in the frequency range where

Aurégan & Singh (2014) observed unusual oscillation of transmission coefficient,

which is from f = 0.15 to f = 0.4, locations downstream of the porous liner have

higher pressure values than other frequency ranges.

Figure 5.22: Spectra of pressure at selected locations around the lower wall down-
stream of porous liner.
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Figure 5.23: Spectra of pressure at selected locations around the upper wall down-
stream of porous liner.

Figure 5.24: Spectra of pressure at selected locations downstream of porous liner
for Multiple Microphone Method (MMM) calculation.

Vortices can use wall discontinuity and radiate sound and can become

an important source of noise (Powell 1960; Singh 2016). In order to investigate

whether there is sound generated by turbulent flow before acoustic excitation, the

separation of acoustic and flow disturbance is needed. A two dimensional Fourier
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transformation of the pressure field p(x, t) ! p(kx, f) introduced by Tinney and

Jordan (2008) is adopted in the present study. The method is based on

p(kx, f) =
1

2⇡

ˆ ˆ
p(x, t)W (x)e�i(kxx+2⇡ft)dxdt, (5.2)

where kx = 2⇡f
up

is the wave number, up is the phase speed of the disturbances,

f is frequency, W (x) is the window function. The principle of this method is

to separate disturbances by their different phase speed. It is suitable in the

present low Mach number flow case because the phase speed of flow disturbance

has large difference from acoustic disturbance’s. The time history pressure value

from t = 2800 to t = 3000 at points downstream of the porous liner at y = 0 from

x = 13.3 to x = 63.3 with 4x = 0.1. The effect of mean flow on the time signals

is first eliminated before calculating the spectrum by applying Equation (5.3),

p
0
(x, y, t) = p(x, y, t)� p̄(x, y), (5.3)

where the superscript 0 denotes the pressure fluctuation and the bar overhead

denotes the time averaged pressure. Figure 5.25 shows the calculated p(kx, f)

spectra at the lower wall y = 0. The analytical values of acoustic speed and

different flow speed are also plotted in p(kx, f) spectral for reference. It can be

seen from the plot that the grazing flow induces pressure fluctuation propagate

at both 0.575umax and sound speed when it passes the porous liner.
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Figure 5.25: p(kx, f) spectrum along y = 0 downstream of the porous liner.

5.2.2 Flow dynamics in the presence of acoustic excitation

Figure 5.26 shows the snapshots of vorticity distribution of the flow from t = 3990

to t = 4000 after acoustic excitation which starts at t = 3000. It can be seen

that the vorticity pattern changes significantly from which in absence of acoustic

excitation shown in Figure 5.12. Sparse pair-up vorticity pattern presents at the

upper and lower wall upstream of the porous liner. This phenomenon might be

caused by the reason that the sound power excited in calculation is so high that

nonlinear effect appears under grazing flow. It should be noted that the acoustic

power excited in calculation is over 291 times of that in experiment conducted

by Aurégan and Singh (2014). In the experiment, each time only one frequency

acoustic signal with 134 dB sound pressure level (SPL) was excited while incoher-

ence broadband frequencies (291 frequencies in total) that each frequency with

133 dB were excited in numerical calculation.
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Figure 5.26: Snapshots of vorticity after acoustic excitation.
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Figure 5.27: Snapshots of vorticity evolution after acoustic excitation.

Figure 5.27 shows the snapshots of instantaneous vorticity after acoustic

excitation from time t = 3990 to t = 4000. Vortices merging can be observed

around the trailing edge of the porous liner as circled out in red color. Vortices

propagate at different speed over the porous and clear fluid interface, strong

vortex interactions are captured by the numerical calculation. The mechanism of

the vortices merging is not fully understood at this stage.

FFT analysis was applied at different locations upstream and down-

stream of the porous liner for Multiple Microphone Method (MMM) calculation.
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In presence of acoustic excitation and grazing flow, only pressure fluctuation p0 is

not sufficient to calculate the vortex propagation speed. To solve this problem,

transverse velocity v is chosen to investigate the vortex propagation speed and

the relation between the vortex and unusual oscillation in transmission coeffi-

cient. Time history values of p0 and v from t = 3546.668 to t = 4000 are adopted

to make sure the calculation reaches its time stationary state and identify the

excited frequency components (with increment of 0.0022). Figure 5.28 and 5.29

show spectra of p0 and v calculated at locations upstream of the porous liner and

Figure 5.30 and 5.31 show spectra of p0 and v calculated at locations downstream

of the porous liner. On the one hand the amplitude of p0 at locations upstream

of porous liner is larger than that in downstream. On the other hand the mag-

nitude of v at locations upstream of porous liner is much smaller than that in

downstream. It reflects the phenomenon that the porous liner takes effect on

reducing the sound excited in upstream, at the same time it causes flow pressure

disturbance in downstream region. Once again in the frequency range where Au-

régan and Singh (2014) observed unusual oscillation of transmission coefficient,

especially from f = 0.15 to f = 0.3, locations downstream of the porous liner

have strong oscillation in spectra of p0 and significant peak in spectra of v.



107

Figure 5.28: Spectra of pressure fluctuation at selected locations upstream of
porous liner for MMM calculation.

Figure 5.29: Spectra of transverse velocity v at selected locations upstream of
porous liner for MMM calculation.



108

Figure 5.30: Spectra of pressure fluctuation at selected locations downstream of
porous liner for MMM calculation.

Figure 5.31: Spectra of transverse velocity v at selected locations downstream of
porous liner for MMM calculation.

5.3 Influence of the sound pressure level

One thing should be noted that each time only one frequency acoustic signal

with 134 dB SPL was excited in experiments conducted by Aurégan and Singh
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(2014) while incoherence broadband frequencies (291 frequencies in total) that

each frequency with 133 dB were excited in numerical calculation. As mentioned

in subsection 5.1.2, the reason of wiggles of transmission coefficient in lower and

higher frequency ranges may be caused by the amplitude of acoustic source. Three

scenarios are discussed and compared in this section to investigate the influence

of the sound pressure level to the acoustic transmission, reflection and absorption

coefficients. Before looking into these scenarios, acoustic parameters based on

the experiment setting (Aurégan and Singh 2014) that single frequency incidence

with 134 dB SPL are calculated and presented in Table 5.1. For plane waves,

sound power W is related to sound intensity I as

P = AI = A
p2

⇢c
,

where A is the area. Sound pressure Level SPL= 20log10(
p

p0
) dB, where p0 =

2⇥ 10�5 Pa. Sound power level is defined by SWL = 10log10(
W

W0
) dB, where W0

is the reference sound power W0 = 1 pW = 10�12 W.

Table 5.1: Acoustic parameters in experiments (Aurégan and Singh 2014).

SPL of each f (dB) 134
prms of each f (Pa) 100.237
W of each f (W) 24.124
SWL of each f (dB) 133.8
Normalized prms of each f 7.078⇥ 10�4

The first scenario is broadband incoherent incidence (from 100 Hz to

30000 Hz with increment of 10 Hz, 291 frequencies in total) in numerical calcula-

tion that has the same amount of sound power as it for single frequency incidence

in experiment (Aurégan and Singh 2014). The acoustic parameters of this sce-

nario are calculated and presented in Table 5.2. To keep the numerical broadband

incidence sound power equal to the experimental single frequency incidence sound

power, 109 dB SPL of each frequency should be used in numerical calculation.
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Table 5.2: Acoustic parameters in numerical calculation with the same total
acoustic power as the experiment.

W of broadband frequencies (W) 24.124
W of each f (W) 0.083
prms of each f (Pa) 5.876
SPL of each f (dB) 109.4
SWL of each f (dB) 109.2
Normalized prms of each f 4.149⇥ 10�5

The second scenario is broadband incoherent incidence (from 100 Hz to

30000 Hz with increment of 10 Hz, 291 frequencies in total) that each frequency

has 134 dB SPL. This is also the numerical setting adopted in Section 5.1. The

acoustic parameters of this scenario are calculated and presented in Table 5.3.

The sound power of this scenario is 291 times of the experimental single frequency

incidence sound power and the SWL is 24.7 dB higher than the experiment.

Table 5.3: Acoustic parameters in numerical calculation with the same SPL of
each frequency as the experiment.

SPL of each f (dB) 134
prms of each f (Pa) 100.237
W of broadband frequencies (W) 7020.014
SWL of broadband frequencies (dB) 158.5
Normalized prms of each f 7.078⇥ 10�4

The third scenario is broadband incoherent incidence (from 100 Hz to

30000 Hz with increment of 10 Hz, 291 frequencies in total) that each frequency

has 75 dB SPL. This is also the numerical setting adopted in Section 4.2. The

SWL of this scenario is 34.3 dB lower than that in experiment.

Table 5.4: Acoustic parameters in numerical calculation

SPL of each f (dB) 75
prms of each f (Pa) 0.113
W of broadband frequencies (W) 8.838⇥ 10�3

SWL of broadband frequencies (dB) 99.5
Normalized prms of each f 7.980⇥ 10�7

Three numerical calculations are conducted with broadband incoherent

acoustic incidence (from 100 Hz to 30000 Hz with increment of 10 Hz, 291 fre-
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quencies in total) that each frequency has 75 dB, 109 dB and 134 dB SPL re-

spectively using the same mesh and numerical settings (� = 0.99) in Section 4.2.

The absolute value of transmission, reflection and absorption coefficients under

three different acoustic incidence are plotted in Figure 5.32, 5.33 and 5.34 with

experimental data in Aurégan and Singh (2014) as reference. It can be seen that

the SPL of acoustic incidence has influence on the acoustic coefficients |T+|, |R+|

and |A+|. Calculation results under broadband incidence with 75 dB and 109 dB

SPL per frequency are close to experimental data wheres the result under the in-

cidence with 134 dB SPL per frequency has larger discrepancy with experimental

data. The wiggles in the calculated acoustic coefficients under the incidence with

134 dB SPL per frequency may be caused by the nonlinear acoustic propagation

as shown in Figure 5.35. Superposition of the broadband frequencies that leads

to higher SPL may be the reason of the small wiggles in the calculated acoustic

coefficients under the incidence with 109 dB SPL per frequency.

Figure 5.32: Absolute value of transmission coefficient of porous liner under dif-
ferent SPL incidence.
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Figure 5.33: Absolute value of reflection coefficient of porous liner under different
SPL incidence.

Figure 5.34: Absolute value of absorption coefficient of porous liner under differ-
ent SPL incidence.
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Figure 5.35: Snapshot of pressure fluctuation for different SPL incidence at t =
300.



Chapter 6

Conclusions and Suggestions for Future Research

In the present study, a direct aeroacoustic modelling of grazing flow over non-

locally reacting porous duct liner with CE/SE method is developed and suc-

cessfully validated. The reason for developing a direct aeroacoustic modelling of

non-locally reacting liner is explained in Chapter 1. Formulation of physical prob-

lem is described in Chapter 2 where a formulation of governing equations with

Brinkman-Forchheimer-extended Darcy model (BFDM) for two dimensional com-

pressible flow for solving aeroacoustic problem of porous liner is proposed based

on approaches of modelling low speed incompressible flow transport in hydrogeo-

physics and convective heat transfer in thermodynamics. In Chapter 3, numerical

implementation of the physical formulations is described including the adopted

numerical scheme, treatment of the stiff source terms and the interface between

porous material and clear fluid region as well as the boundary conditions. The

validation of the numerical modelling on simulating flow dynamics and acous-

tics is presented in Chapter 4. The proposed single domain formulation using

BFDM is proven able to accurately calculate the flow dynamics and acoustics in

both fluid and porous region as well as at their interface. In Chapter 5, it shows

the numerical calculation of the acoustic behavior of porous liner exposed to low

Mach number grazing flow which validates the modelling has capability of cap-

turing the interactions between the flow dynamics and acoustics. The frequency

range where unusual oscillation of transmission coefficient appears can be cor-

114
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rectly captured using the modelling. Moreover, the mechanism responsible for it

is uncovered with the numerical results. Two dimensional Fourier transformation

analysis of the calculated pressure field observes that the grazing flow induces

pressure fluctuation propagate at both about half of the flow speed and sound

speed when it passes the porous liner. The snapshots of vorticity evolution after

acoustic excitation captures the strong vortex interactions over the porous liner

and vortices merging at its trailing edge. The discrepancies between calculated

acoustic coefficients and experimental data are analyzed and explained. The SPL

of acoustic incidence has influence on the acoustic coefficients |T+|, |R+| and

|A+|.

It is expected that better agreement of calculation result can be achieved

by adding wall modelling to obtain more accurate mean flow velocity profile. To

further investigate the mechanism of the unusual oscillations in transmission co-

efficients, single frequency excitation calculations at selected frequencies (peak,

trough, outside the oscillations range) need to be conducted. One limitation of

the present study is that the downstream length of the computation domain for

investigating aeroacoustics of porous liner in the presence of grazing flow (Sec-

tion 5.1.1) is not enough. The resolution of p(kx,f) spectrum is not sufficient

to separate the pressure fluctuation that propagates at flow and sound speed

completely. The mechanism of the unusual oscillations in transmission coefficient

of the porous liner can be better understood if the pressure fluctuation can be

filtered by its propagation speed. Parametric study and sensitivity analysis for

example thickness of the liner, porosity variation can be attempted after hav-

ing a further understanding about the mechanism to optimize the liner design.

Current direct aeroacoustic modelling of porous material proposed in this thesis

borrows concepts from flow transport and heat transfer field and modifications

have been made to account for the compressibility effect and work done due to

the porous drag effect. It can be observed that these terms (Darcy term, Forch-

heimer term, Brinkman term) that model the porous effect were introduced to
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solve incompressible flow with low flow speed. Unlike the flow transport and heat

transfer problems of porous material which mainly deal with the mean value of

physical properties, aeroacoustic problems of the porous material deal with small

fluctuations and relatively high flow speed. The performance of the current direct

aeroacoustic modelling may be optimized by modifying these drag terms to better

describe porous effect for aeroacoustic problems. Also, the Forchheimer coeffi-

cient can only be estimated by previous empirical equations proposed for certain

type of porous material. Further experimental investigations are needed to study

the applicability of the empirical equations for different porous materials.
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