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SOUND PROPAGATION IN POROUS MEDIA WITH 
APPLICATION TO DIESEL PARTICULATE FILTERS 

 
 

By 
Sayel M. Fayyad 

 
Supervisor 

Prof. Mohammad A. Hamdan 
and 

 
Co-Supervisor 

Prof. Mohammad N. Hamdan 
 
 

ABSTRACT 
 
This work presents a 2-D space acoustic model for sound propagation in a diesel 

particulate filter (DPF) unit using two approaches. In the first approach the 2-D space 

model is formulated, using linearized forms of momentum, energy, and continuity 

equations, along with ideal gas law and Darcy's equation and assuming harmonic 

variations in time for the field variables: acoustic velocity, temperature, pressure and 

density.  The model retains the normal as well as transverse component of gas velocity 

and accounts for the mean axial flow, thermal and viscous effects. Approximate 

analytical solutions to the obtained model are obtained using assumed Fourier sinus 

series solutions for the field variables and an averaged form of the continuity equation. 

This approach leads to a four-port acoustic model for the DPF unit.  In the second 

approach the 2-D space model is obtained  using the same linearized forms of the 

governing equations in the first approach but assuming harmonic in time and 2-D space 

for the field variables, this approach led to a six-port acoustic model for the DPF unit  

which is not available in previous studies. The obtained four-port and six-port models 

where analyzed for the effect of various system parameters such as frequency, 
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 XIX 

temperature, pressure drop, porosity, permeability, presence of soot layer,  and number 

of channels  on the transmission losses  and noise reduction factor. The obtained results 

using the above two models, presented in graphical forms where compared against each 

other and with those available in the published literature.  

The results of the present four–port approach, which take into account the effect of  

transverse velocity, where found to be in fairly good qualitative and quantitative 

agreement with those of other four-port models and with those obtained experimentally 

by other investigators.  The results obtained from the 2-D acoustic model i.e. six-port 

model where achieve some improvements in transmission losses and noise reduction 

compared with all last four-port models presented in the literature.  

The flow in porous media has a significant role in producing noise and vibration in 

exhaust systems of the automobiles, so this flow is analyzed and studied  numerically in 

this thesis using some appropriate software. Temperature, pressure, and velocity profiles 

and distributions are presented in graphical forms.  These numerical  results give a 

complete description for the flow in porous media (DPF unit) and help in studying this 

type of flow in such media.   

 This study focuses on solving analytically the acoustic models which is developed as 

mentioned above taking into account the porosity of DPF unit and the effect of 

transverse velocity. 

 

 

A
ll 

R
ig

ht
s 

R
es

er
ve

d 
- 

L
ib

ra
ry

 o
f 

U
ni

ve
rs

ity
 o

f 
Jo

rd
an

 -
 C

en
te

r 
 o

f 
T

he
si

s 
D

ep
os

it



www.manaraa.com

 1 

Chapter 1 
 

Introduction and Objectives 
 

1.1 Introduction 
     
        The propagation of sound in a narrow tube containing a viscous, heat conducting 

fluid is a topic that has attracted considerable interest over the years, mainly because of 

its generalization to the acoustics of porous media. With rising oil prices and global 

warming, which is a dominant environmental issue, the search for better ways to utilize 

present energy sources or find new alternatives to it became inevitable. This problem is 

quite important in Jordan due to the increased number of traffic automobiles currently 

on the streets, in addition to the fuel properties which are far below the international 

standards, i.e., the diesel fuel currently used in Jordan. According to international 

standards, the amount of sulfur content is not to exceed 50-150 PPM or (0.005-0.015) 

%, while here in Jordan it is about 1.15%.  

   Diesel engines have many environmental problems which can be summarized in two 

important forms, the most critical and extremely problem that affects the harmful of 

humans is the very high noise produced by these engines, since diesel engines are 

usually very noisy machines because of their big size and high power and heat 

produced. The second environmental problem of diesel engines is that its high 

production of NOx and other exhaust gasses and particulate matters (PM). The exhaust 

gasses cause high pollution problems for the environment represented by acidic rain, 

effects on ozone layer, and global warming, since NOx has the ability to react with other 

compounds and forms new complicated compounds affect humans harmful. 

 One of the efficient tools used to reduce the pollutants is the diesel particulate filter 

(DPF). The DPF is connected on the exhaust pipe, hence noise and vibration 
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characteristics of exhaust system are changed and consequently affect the performance 

of the engine by developing back pressure, changing temperature, density, and velocity 

of the exhaust gases...etc. DPF can make noise reduction and has the ability to make 

transmission loss for sound waves propagates through the system. Muffler can do noise 

reduction, but it is not as efficient as diesel particulate filters which can make both noise 

reduction and particulate matters reduction with high efficiency. So it is very important 

to build an acoustic model for this new technology which will be one of the most 

important tools in future to make both noise and pollutants reduction.  

Jordan is one of the countries suffering from pollution resulted from exhaust gasses 

emission of heavy diesel vehicles, and also from noise which is considered as a 

pollution. Ministry of environment lately attempted to study the ability of use some 

technologies that may help in some gasses emission reduction, and one of these 

suggested technologies is the DPF technology. But the usage of this new technology in 

Jordan may face many problems can be summarized in both things: 

1-The poor specifications of the diesel used here in Jordan, which is represented by the 

sulfur contents which is, as be discussed, about1.15%. Since as the sulfur contents 

increase the performance of the DPF in gasses emissions reduction decreases rapidly.    

2- The high prices of this technology 

It can be concluded that Jordan can not decide to use this technology unless diesel 

specifications be improved by decreasing sulfur contents or uses some appropriate 

additives; in addition this project must be funded from government or other 

environmental organizations.      

     The present study is concerned with developing a 2-D acoustic model for a gas flow 

in a porous media with application to DPF following two approaches: according to the 

first approach, the field parameters (temperature, pressure, density, and velocities) are 
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considered to be varying harmonically in time only, and according to the second 

approach these parameters are considered to be varying harmonically in time and in 2-D 

space. In first approach a traditional four-port model (depend on time only) was 

obtained, while in the second approach a new six-port model has been found, in which 

six roots for the eigenvalue problem were obtained which represented the wave 

propagation constants against four roots in last traditional four-port models. The six-

port model achieves good improvements over last four-port model in both transmission 

losses and noise reduction.   

 The flow in a DPF is usually considered as thermo–viscous gas flow. This flow through 

the diesel particulate filter is considered in the presented study as a 2-D flow. All 

previous studies treat the problem as a 1-D, but in the real case it should be 2-D model. 

Generally the propagation of acoustic waves in such a bounded fluid flow, involves 

reactive and dissipative processes. These processes can be characterized in the 

frequency domain, by a complex-valued wave number. The imaginary part of this 

number is in general proportional to the shear and bulk viscosity coefficients and the 

heat conduction coefficient. In a bounded domain (pipe or cavity), reactive and 

dissipative processes at rigid walls- arise from interactions between the acoustic field 

and the entropy (diffusion of heat) and the vorticity fields (diffusion of shear waves) are 

created on the boundary walls and that extracts energy from the acoustic wave. It is 

known that the entropy and vorticity fields decay exponentially in the direction normal 

to the walls and, with the exception of low frequencies and narrow ducts, only play a 

role in a thin acoustic boundary layer region. When this is the case the effect of 

resulting reactive and dissipative effects can still be handled by introducing a complex 

wave number. For the case of interest here with sound propagation in a narrow channel 

(width around 1-2mm) the boundary layers will extend over the cross-section and a full 
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analysis of the coupled field problem is necessary. It is known that for the diesel 

particulate filters there is a need to analyze wave propagation in narrow tubes which 

should be considered partially as porous media. The present study gives an approximate 

analytical solution in which the effects of mean flow are taken into accounts. The mean 

flow profile is assumed to be uniform and both the temperature and pressure gradients 

are assumed to be constant.  

The main objectives of this study can be summarized as follows  

-Building a 2-D acoustic model for the exhaust gases emission with the existence of the 

diesel particulate filter. 

-Evaluating the wave propagation constant which includes both attenuation, and phase 

shift. 

- Evaluating the acoustics impedance of the DPF unit. 

-Calculating the values of transmission losses (TL) for the typical filter, and for other 

types of DPF. 

- Selecting the appropriate DPF type corresponding to its properties and on its capability 

on sound transmission losses. 

-Calculating the noise reduction factor (NRF) which is an additional evaluation tool in 

comparison between different types of DPFs units. 

- Asses the effect of frequency, wall permeability, porosity, pressure drop, channels 

width, wall thickness, and number of channels of porous DPF units on TL.  

- Find the velocity, temperature, pressure distributions and profiles for the gasses flow 

through the porous media numerically-using some appropriate software packages. 

All results from last two approaches mentioned above (four-port and six-port models) 

were compared with both theoretical and experimental results available in the literature 

and a fairly good qualitative and quantitative agreement can be noticed.  
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This dissertation consists of ten chapters, chapter one gives an introduction for this 

study, while chapter two gives a literature review for last studies which have been 

concerned the problem, chapter three gives a description for porous media, its 

specifications, types, and some important methods and theories described the behavior 

of these materials. Also in chapter four a description for diesel particulate filter (DPF) 

including its construction, types, properties, and flow in both porous media and DPF are 

presented. Chapter five establishes for some acoustic concepts and background in order 

to make necessary calculations for the models resulted later. In chapter six a full 

description, assumptions, and derivation of the model are made at the case of time 

harmonic variation. In chapter seven there is a full derivation for the invented model 

(six-port model) at the case of harmonic in time and 2-D space. In chapter eight the DPF 

impedance, the transfer matrix ( S-matrix),  transmission losses (TL) , and noise 

reduction factor (NRF) for DPF are evaluated for the two cases, time harmonic variation 

and harmonic in time and 2-D space case. All results are listed and discussed in chapter 

nine; also a conclusions and recommendations are listed in chapter ten.  
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Chapter 2 

Literature Review 
 
A variational treatment of the problem of sound propagation or transmission in narrow 

tubes is described and it has been the subject of much research over many years.  

 Cummings (1993) studied the sound propagation in a narrow tubes of arbitrary cross-

section, he also build an analytical model which can be used for any cross-sectional 

geometry, as long as the cross-section of the tube  is uniform along its length. Very 

simple low frequency and high frequency approximate solutions are obtained by the use 

of idealized trial functions. These models give results of acceptable accuracy in 

comparison with the exact or numerical solutions.   One appealing feature of this type of 

method is that there is considerable scope for improvement the results, by the choice of 

more versatile trial functions that can more nearly approach the true solutions to the 

governing equations.  

Peat (1994) made an approximation to the effect of mean flow on sound propagation in 

capillary tubes. The paper began with the derivation of the governing equations by the 

use of boundary layer approximations. It was shown that these equations reduced to 

those for the low reduced frequency solution equations in the limit of zero steady flow. 

In practical, the radial velocity component is retained in the equations under these 

approximations, even though one might suppose that it would be negligible in a 

capillary tube. In this study, a first approximation was sought for the effect of the steady 

flow upon sound propagation in capillary tubes. For simplicity, the background 

temperature was assumed to remain constant and tubes of circular cross-section were 

considered. The results given in this paper indicated the effect of steady flow-upon the 

axial propagation of sound waves in capillary tubes, in terms of both decay rate and 

phase velocity. In the zero flow limits these factors were the same for both forward and 
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backward propagation waves but, with steady flow, the forward convected waves 

behaved differently from that of the backward waves, which propagates into the flow. It 

was also found that a third wave was generated in the steady flow case, unless either the 

acoustic disturbances were assumed to be isentropic or else the Prandtle number is unity. 

Dokumaci (1995) studied the sound transmission in narrow pipes with superimposed 

uniform mean flow and made an acoustic modeling of automobile catalytic converters. 

The paper was mainly concerned with the acoustic modeling of the honeycomb structure 

in automobile catalytic converters, in the large shear wavenumber limit, which was valid 

for the standard pipes in internal combustion engine exhaust systems; this study 

provided a useful alternative to the one-dimensional theories. In this study a two-port 

elements have been presented for the acoustic modeling of the honeycomb structure in 

monolithic catalytic converters. Also this study predicted a marked frequency 

dependence model for the honeycomb structure at the lower frequencies. Astley and 

Cumings (1995) presented FEM solutions, based on simplified equations for waves in a 

visco-thermal fluid, for the problem of sound propagation in capillary tubes. They made 

analysis for the laminar flow with a parabolic velocity distribution and a quadratic cross-

section. The simplification of the governing equations is based on that the axial 

gradients are much smaller than the gradients over the cross-section. They derive the 

linearized fluid-dynamical differential governing wave motion in a narrow tube 

containing a viscous, heat-conducting fluid and discussed the boundary conditions that 

must be applied at the tube walls. Ih et al. (1996) have developed analytical solutions for 

sound propagation in capillary ducts with mean flow. In this study the transverse of 

particle velocity, temperature, and viscosity were considered. A fully developed laminar 

steady flow was assumed and the concept of a complex propagation constant was 

introduced in the formulation. The final equation formed reduces to Kummer-type 
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differential equation and its solution was obtained in terms of confluent hypergeometric 

functions. The dispersion equation for the complex propagation constants was taken on 

a recursive form. A simplified form of the analysis permitted comparison with previous 

results dealing with visco-thermal effects and included the features of Pioseuille-type 

laminar steady flow for low and medium shear wave numbers. Jeong and Ih (1996) 

showed by numerical solutions of the governing equations, that including the radial 

particle velocity has a small but noticeable effect. They made a numerical study on the 

propagation of sound through capillary tubes with mean flow. They used the general 

formulations of conservation equations with non-isentropic conditions based on the low 

reduced frequency solutions, the linearized governing equations were solved by the 

recursive use of numerical methods. Also they investigated the characteristics of the 

forward and backward propagation acoustic waves, and the characteristics of the 

hydrodynamics waves were also investigated when steady flow was present. In this 

study the effect of the radial and axial temperature gradient was excluded.    

Dokumaci (1998) extended his earlier work to the case of rectangular narrow tubes with 

a plug flow. The solution procedure is now based on a weak (Galerkian) formulation, 

where the fields over the channel cross-section are expanded as double Fourier sinus 

series. The paper presented a comparative study of these for pipes having circular and 

rectangular cross-sections. The results indicated that the assumptions of a uniform mean 

flow profile closely predicted the results based on a parabolic profile.  The in-plane 

velocity terms were retained in this study, and they had been used in the continuity 

equation. Dokumaci (2001) derived an approximate dispersion equation for sound 

waves in a narrow pipe with ambient gradients. The paper presented an approximate 

solution in which the presence of mean flow, which is assumed to have a uniform 

velocity profile, was taken into account. The solution also included the effect of constant 
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pressure gradient. A dispersion equation was derived by assuming that the spatial 

variations of the ambient variables can be lumped. Allam and Abom (2002) build up 

theoretical models to predict the acoustic 2-port (4-pole) of a diesel particulate filter 

(DPF) unit. In the first model the steady flow resistance was used to calculate an 

equivalent lumped resistance. In this model the wave propagation in the DPF monolith 

was neglected and was a low frequency approximation. To include wave propagation 

effects the monolith was described using a coupled wave guide model, where the 

coupling was via the porous walls of the monolith. Darcy's law was used to describe the 

pressure drop in the porous walls. Based on this an improved theoretical model was 

obtained. Both models were compared to measured data from a test rig with clean air 

operating at 20 C. The agreement for the 1-D wave propagation model was quite good 

but for low frequencies (< 300 Hz) the lumped resistance model also seems satisfactory. 

Fairbrother and Tonsa (2003) described work on simulating the acoustic behavior of 

catalysts and DPF devices using both linear and nonlinear techniques. In this paper two 

existing computer simulation codes (one linear, one non linear) had been 

extended and combined into a single package. The linear method was carried out 

in the frequency domain and made use of plane wave assumptions. This was 

done with the transfer matrix method, also called the four pole method. Specific 

models of after treatment components were used to generate transmission loss 

predictions versus frequency. The non linear method solved the mass, movement 

and energy equations in the time domain and made use of white noise excitation 

and Fast Fourier Transforms (FFT) to obtain results in the frequency domain.  

Allam and Abom (2003) made an acoustic modeling of an after-treatment device 

(ATD). In this paper Allam and Abom presented an acoustical model of a complete 

ATD for a passenger car. The model was built up to four basic elements: 1) conical 
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inlet/outlet; 2) straight pipe; 3) catalytic converter (CC) unit and 4) DPF unit. For the 

DPF unit two models had been developed. One simple 1-D model with no influence of 

wall boundary layers and one based on a 1-D CC model suggested by Dokumaci (1998) 

including wall boundary layers. Both models neglected the effects of chemical 

reactions. Both models were compared with experimental data and the agreement was 

satisfactory. Wijnant, et.al. (2003) made an investigation for the boundary layer induced 

noise. They describe a method to design trim panels containing a large number of 

coupled tubes to effectively reduce noise. The theory of visco-thermal wave 

propagation in tubes was discussed. They calculated the absorption coefficient for a 

panel containing a number of non-coupled tubes. Initial results optimized the tubes' 

length and radii for a desired fictive absorption coefficient; also the applicability of the 

method was proved.  Allam (2005) studied the acoustic modeling and testing of DPF 

and considered it as an eigenvalue 1D problem. This paper presented a first attempt to 

describe the acoustic behavior of DPFs and to present models which allow the acoustic 

two-port to be calculated. The simplest model neglected wave propagation and treated 

the filter as an equivalent acoustic resistance modeled via a lumped impedance element. 

This simple model gave a constant frequency independent transmission loss and agreed 

within 1 dB with measured data on a typical filter (length 250 mm) up to 200–300 Hz 

(at 20 C). In the second model, the ceramic filter monolith is described as a system of 

coupled porous channels carrying plane waves. The coupling between the channels 

through the porous walls is described via Darcy’s law. This model gave a frequency-

dependent transmission loss and agreed well with measured data in the entire plane 

wave range. 

Allam and Abom, (2006) modified the 1-D model using the classical (exact) Kirchhoff 

solution for a plane wave in a narrow tube. The model was in close agreement with the 
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predictions of the new model. Furthermore this model, which assumed isothermal sound 

propagation, worked satisfactorily up to 800-1000 Hz for a typical filter at operating 

(hot) conditions.  This study formed the backbone of the presented study, where a 1D 

linear acoustic model for a DPF unit had been developed.  

Based on last revision of the main last studies concerned the problem, it is obvious that 

the problem was treated in most of these studies as a 1-D model, but really it should be 

a 2-D one by taking into account the effect of the transverse velocity and the partial 

porosity of DPF unit.     
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Chapter 3 
 

Introduction to Porous Media and Flow in Porous Media 
 

3.1 Introduction  
 
   Porous media having now a vital role in manufacturing, because of their distinctive 

properties rather than solids, one of these important technologies depending on these 

properties is the diesel particulate filter (DPF) which considered as a porous media. In 

this chapter there is a brief description for porous media, their properties like porosity, 

permeability, their usage, and some relations governing the behavior and flow through 

porous media. There are many examples of porous materials in everyday life and the 

environment: textile and leathers are highly porous; they owe their thermal insulating. 

On the other side there are many artificial porous media which having many 

manufacturing usage such as diesel particulate filters. 

3.2 Porous Media 
  
  Porous media is an aggregates of solid elements (grains matrix etc.) between which 

the voids form the pore space itself. These voids within the porous body give rise to 

the wide differences in physical behavior between dense solids (such as minerals) and 

porous substances such as DPF units, Holzbecher (1998). 

To describe a material as a porous media, it should have one of the following: 

1. It must contain spaces, so-called pores or voids, free of solids, imbedded in the 

solid or semisolid matrix. The pores usually contain some fluid, such as air, water, oil, 

etc., or a mixture of different fluids as in the case of DPF unit.  

2. It must be permeable to a variety of fluids, i. e. Fluids should able to penetrate 

through one face of a septum made of the material and emerge on the other side. In 

this case one refers to a "permeable porous material". 
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The most important areas of technology that, to a great extent, depend on the 

properties of porous media are:  

 1- Hydrology, which relates to water movement in earth and sand structures, such as 

dams, flow to wells from water-bearing formations, intrusion of sea water in coastal 

areas, filter beds for purification of drinking water and sewage, etc.  

2- Petroleum engineering which is mainly concerned with petroleum and natural gas 

production, exploration, well drilling, and logging, etc. Despite the great similarity of 

the physical systems and processes in these two fields of technology, each of them has 

a distinct technical literature and terminology, Dewiest (1969). 

3- In chemical engineering, heterogeneous catalysis is an important technology where 

pore diffusion of gases as well as impregnation of porous catalysts with catalyst 

precursor and distribution of molten catalyst is a process that depends on pore 

structure. Flow through packed beds is equally important in operations involving 

chemical reactions or separation of chemical components. 

4- Chromatography and, in particular, gel permeation chromatography are relatively 

new but increasingly important processes, the latter of which depends on both 

diffusion and flow through porous media. Other separation processes use porous 

polymer, biological, and inorganic membranes. Filtering of gases and liquids and 

drying of bulk goods are equally important technologies based on flow or diffusion 

through porous media. The impregnation of plastics with plasticizers also depends on 

pore structure. 

5- In medicine and biochemical engineering, biological membranes and filters, the 

flow of blood and other body fluids, and electro-osmosis are a few examples where 

the role played by porous media is critical. 
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6- In electrochemical engineering, porous electrodes and permeable and semi 

permeable diaphragms for electrolytic cells play important technological roles in the 

struggle to obtain improved current efficiencies. Sintering of granular materials is a 

very large tonnage technology where pore structure is of importance. 

7-In manufacturing diesel particulate filters (DPF), which is a good example of porous 

media. This device has the ability to make gas emission reduction about 70-90%; it is 

made of ceramics which considered as porous media.  

3.3 Characteristics of porous media 

There are two important quantities describing the properties of a porous medium: the 

porosity ф and the permeability σ. 

3.3.1 Porosity 

   Porosity which defined as is the ratio of the pore volume Vp to the total volume Vt of 

the body considered. The solid volume Vs is given by Vs= Vt - Vp . Hence it suffices to 

measure two of these three parameters to calculate porosity. Porosity also plays an 

important role in metallic, plastic, and enamel coatings, where its presence is 

definitely. There are two kinds of porosity of the medium defined as three-dimensional 

porosity,φ, and two-dimensional porosity, φA , the both quantities can be given as   

                                                                                                                                             

                                                                                                         (3.1)
ebulk volum

 volumevoid
=φ  

area sectional-cross total
area  voidsectional-cross

=Aφ 

  
Hence the void volume of the porous medium can be written as   

particles) of (volume 
-1

= volumevoid
φ

φ                                                          (3.3) 

3.3.2 Permeability 

Permeability" is the term used for the conductivity of the porous medium with 

respect to permeation by a Newtonian fluid. "Permeability," used in this general 

(3.2) 
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sense, is of limited usefulness only because its value in the same porous sample may 

vary with the properties of the permeating fluid and the mechanism of permeation. It 

is both more useful and more scientific to separate out the parameter which 

measures the contribution of the porous medium to the conductivity and is 

independent of both fluid properties and flow mechanisms. This quantity is the 

"specific permeability" σ, or it is just called "permeability", its value is uniquely 

determined by the pore structure, Holzbecher (1998) and Dewiest (1969). 

Practical unit of permeability is the "Darcy." A porous material has permeability 

equal to 1 Darcy if a pressure difference of 1 Atm, will produce a flow rate of 1 cm/sec 

of a fluid with 1 unit of viscosity through a cube having sides 1 cm in length. Thus 1 

Darcy is equal to 0.987 μm2. For very "tight" -materials the unit millidarcy = 0.001 

Darcy is used. Often the porosity can be chosen as constant for the whole medium. 

Since the permeability σ describes the ability of the fluid to flow through the porous 

medium, so σ is often called the absolute permeability and is a quantity depending on 

the geometry of the medium only. There has been much effort to establish relations 

between the permeability and the porosity. However, a general formula seems 

impossible to find a relate permeability to porosity but  the permeability is found to be 

proportional to Фm when m is in the range of 3 to 6 depending on the geometry of the 

medium. The fluid flowing in the pore space is characterized by the dynamical viscosity 

μ. The viscosity indicates the resistance in the fluid due to shear and angular 

deformations. At microscopic level there are friction forces in the fluid caused by the 

interchange of momentum in collisions between the molecules. The strength of the 

friction forces sets the viscosity of the fluid. Another expression for the viscosity which 

is often used, is the kinematic viscosity ν defined as ρµν /= , where ρ is the density of 

the fluid. Moreover, the viscosity of incompressible Newtonian fluids (which will be the 
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case of interest here) is assumed to be isotropic, thus, such fluids are characterized by 

only one viscosity coefficient μ, Dewiest (1969). 

3.3.3 Pore Structure 

     Pores are invisible to the naked eye in the majority of porous media. The porous 

nature of a material is usually established by performing any one of a number of 

experiments on a sample and observing its behavior, because porous materials behave 

differently from nonporous ones in a number of respects. 

3.3.4 Capillarity in Porous Media  

In a "capillary system" the surfaces separating the various bulk phases play a 

significant role in determining the physical-chemical state of the system. According 

to this definition, the vast majority of porous media are capillary systems. In the 

case of capillary systems, mechanical equilibrium, i.e., the absence of net 

mechanical force acting on the system is determined not only by the hydrostatic 

pressure and gravitational attraction but also by forces associated with surface 

tension, Holzbecher (1998). 

3.4 Flow through porous media 

     In the present thesis the coupled steady state axial mean laminar flows of 

incompressible viscous Newtonian fluids in porous media are discussed. 

The flow in the pure fluid region is usually described by the Navier-Stokes system of 

equations. The most popular models for the flow in the porous media are those 

suggested by Darcy and by Brinkman, the flow of several components and several 

phases through a porous medium is generally described by introducing macroscopic 

mass-balance equations under the form of generalized dispersion equations.  Porous 

medium consists of a matrix with a large amount of microscopic pores and throats 

which are typically narrow tubes where fluid can pass through. Soil and sand are both 
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examples of porous media and fluid flow in a porous medium can be considered as 

pouring a cup of water over soil and letting the water flow into the soil due to the 

gravitational forces.  The description of flow in porous media is extremely difficult 

because of the complexity of the medium. Even though flow in a single tube is given by 

simple equations, the network of the tubes is impossible to know in detail. Fluid flow 

through a porous medium is often given by the phenomenological Darcy equation. 

Consider a porous medium of absolute permeability σ in a homogeneous gravitation 

field where one fluid of viscosity μ is injected though the medium by applying a 

pressure gradient ΔP across the matrix. Then the flow rate Q of the fluid through the 

medium is given by Darcy's equation, such that 

)()(
L
PAQ ∆

−=
µ

σ                                                                                                          (3.4) 

This is a linear law, similar to Newton's law of viscosity, Ohm's law of electricity 

etc. In equation (3.4), Q is the volumetric flow rate (or "discharge"), A the normal 

cross-sectional area of the sample, L the length of the sample in the macroscopic 

flow direction, P "piezometric pressure," Stanley, H., et.al. (1979).  

There are four conditions that are required for this equation to be valid: 

1. Creeping flow – The modified Reynold’s number based on superficial velocity must 
be on the order of 1. 

2. The porous media itself is not reactive with the flowing fluid. 

3. No accumulation. 
 
4. Single-phase flow 
 
Using equation (3.4), it is possible to determine the permeability (σ) of the porous 

media. Darcy's equation is applied for those porous media which have regions with a 

smaller pores which also treated as a permeable medium as in the case presented 

(partially porous media not highly porous).The most general equation describes the 
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matching of boundary conditions at an interface between the larger pores and the 

permeable medium is the Brinkman's equation, such that: 

 VVP e
2∇+−=∆ µ

σ
µ                                                                                                   (3.5) 

where  

V : is the fluid velocity 

µ: is the fluid viscosity 

µe: is the effective fluid viscosity 

σ :  is the permeability. 

ΔP: is the pressure drop. 

The equation satisfied two boundary conditions at the pore/ permeable medium 

interface which are continuity of the fluid velocity and the shear stress. 

  Although liquids display a permeability that depends on the media only, gases display 

a permeability that also depends on the identity of the gas and the pressure differential 

across the media. This variation with the identity and pressure of the gas is known as 

slippage. This effect was originally detected with gas flow through capillary tubes, and 

becomes more pronounced when the diameter of the capillary tubes approach the mean 

free path of the gas molecule. The mean free path is a function of the molecular weight 

and kinetic energy of a gas. 

Flow in porous media requires a description of both the media and the flow. In the 

broadest sense an open pipe is a limiting case of a porous medium. Usually the number 

of holes or pores is sufficiently large that a volume average is needed to calculate 

pertinent proprieties. Pores which occupy some definite fraction of the bulk volume 

form a complex network of voids. 

Flow in a porous medium is usually a creeping flow where the  modified Reynolds 

number defined for a porous medium is less than one. In order to define the Reynolds 
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number for flow in porous media, the concept of hydraulic radius, RH can be used. The 

hydraulic radius is defined as the void volume of a porous medium divided by the 

surface area of the medium such that  

medium porous of area surface
medium porous of  volumevoid

=HR 

If VP: is the particle volume, and the surface area of the particle, SP, for spherical 

particles, the specific surface, B (which has dimension m-1) can be defined as 

                                                                                                                                             

                                                                                                                 (3.7)
P

P

V
S

D
B ==

6 

where D is the diameter of a particle.  

The hydraulic radius can be rewritten in terms of the porosity,φ, the number of particles, 

N, the volume of the particles, VP, and the surface area of a particle, SP, in the following 

way: 

RH =
φVP

N
1− φ

 
 
  

 
 

SP N
=

φVP

SP 1− φ( )
   

For nonspherical particles, an effective particle diameter. DP, can be defined as:  

DP = 6
B

  

The discharge velocity, u , and the pore velocity, v, (as shown in figure (1) ) are related   
 
by the mass balance as in the following equation 
                                                                                                                                             

                                                                                                                 (3.10)u Atot = vAvoid 
 
This gives the result: 
                                                                                                                                             

                                                                                                                         (3.11)u = φAv  
  

                                                            
                                                                             v 

 
 
 
                                                            D   D 

  
 

Fig (1) Velocity of particles during flow through a porous medium. 
 

(3.6)   

(3.8)  

(3.9) 
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Hence Reynolds number for flow in a pipe is: 
  
  

( )

µ
ρ

µ

ρ

Du
D

u
u

=

=
2

Re
  

Where 

 µ:  is viscosity; 

 u  : is the discharge velocity; 

 ρ:  is density of the fluid; 

 D: is the diameter of a pipe; 

v: is the pore velocity (m/s). 

For porous media, the length scale corresponds to the hydraulic radius, RH, while the 

velocity scale is the discharge velocity u , divided by the porosityφ.  

Therefore, for porous medium, the Reynolds number can be rewritten as  

Re =
4RH u ρ

φµ

=
2

3 1− φ( )
DP u ρ

µ

  

Usually for convince of definition the numerical constants are dropped and in some 

definitions the (1- φ) term is also dropped. The Reynolds number then becomes: 

                                                                                                             
µ

ρuDP
P =Re  

 
  For the case of porous media used in this study which represents the DPF and the flow 

which is represented here by the exhaust gas emission having the following properties 

(ū=8m/s, ρg=0.35 kg/m3, φ=0.45, μ=4.15E-5, and D=5E-6 m, see table (1) below) and by 

applying equations (3.13) or (3.14) yields that:  

Re=0.408, but at low temperatures the exhaust gases properties is changed.  

This results means that Darcy's law is applied for the case of flow in this type of porous 

media and that the flow is laminar. 

 

(3.12)  

(3.13) 

(3.14) 
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3.5 Numerical Solution for Laminar Flow in Porous Media 
  
The flow in porous media is analyzed numerically using some appropriate software  

programming. This appropriate software program is used in order to find velocity 

distributions in both directions, x and y through the porous media, and also to find 

temperatures profile and distribution through porous media. The results describe in 

addition the pressure distribution, wall shear, and contours and profiles for temperature, 

pressure, velocities Vx, and Vy for the flow in porous media which represents the a DPF 

unit made of silicon carbide (SiC) which having the following properties (see table (1)) 

below. All numerical results are listed in appendix C, from figure (78) to figure (102). 

Also a discussion for these results will be demonstrated later in chapter 9.  
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Table (1) DPF's material specifications*  

 
Quantity                                                                                                           value  

 
 

pore size(μm)                                                                                                                          23 
porosity (%)                                                                                                                            45 

Air through wall permeability ( 10x-12/m2 Darcy) at 20ºC                                                  0.70 

Thermal conductivity-25ºC [W/mK]                                                                                      40 

Thermal conductivity-630ºC [W/mK]                                                                                    15 

Specific heat-25ºC [J/kg/K]                                                                                                  750 

Specific heat-800ºC [J/kg/K]                                                                                              1250 

Weight gained after 10000hours use in air at 1000ºC                                                          low 

Weight gained after 10000hours use in air at 1000ºC                                                          low 

Weight gained after 10000hours use in air at 1000ºC                                                          low 

Expansion/radial x10-6/ºC-25ºC                                                                                          4.20 

Expansion/radial x10-6/ºC-650ºC                                                                                          3.9 

Thermal shock parameter , TSP 3                                                                                   85-750 

Long life maximum temperature in air-(ºC)                                                                       1200 

Modulus of elasticity –E[GPa]                                                                                               50 

Poisson's  ratio- ν                                                                                                                 0.10 

Compress strength, longitudinal Qa [MPa]                                                                            30 

Bending strength –MOR/a MPa                                                                                           >25 

Bending strength –MOR/b MPa                                                                                          1.70 

Bending strength –MOR/c MPa                                                                                          2.60 

Specific weight-[gram/cm3/monolith]                                                                                  1.8 

Monolith pitch 2.8 bulk weight [gram/cm3]                                                                        0.95 

Electric resistance- [ohm .cm]                                                                                                  1 

* Source: laa@liqtech.dk, www.liqtech.dk. 
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Chapter 4 
 

Diesel Particulate Filter (DPF)  
4.1 Introduction 
 
    All countries now are seeking from pollution especially that produced from heavy 

diesel vehicles, Jordan is one of these countries which has many problems in this field 

can be represented by the poor specifications of diesel fuel- sulfur content (about 

1.15%)-, and the very rapid increase in number of automobiles which cause more 

pollution, in addition to the shortage in energy sources which is a main reason in 

increasing prices of fuel in Jordan recently.      

   Diesel particulate filters are considered as a good example of a porous media and also 

considered as one of the leading technologies for meeting future particulate matter (PM) 

emission; see figure (2) and (3) below. These devices generally consist of a wall-flow 

type filter positioned in the exhaust stream of a diesel vehicle. As the exhaust gases pass 

through the system, particulate emissions are collected and stored. Because the volume 

of diesel particulates collected by the system will eventually fill up and even plug the 

filter, a method for controlling trapped particulate matter and regenerating the filter is 

needed.  

                                  
              

Figure (2) DPF unit ( source: Joe Kubsh, www.meca.org) . 
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  It is very important to explain and understand the construction of DPF units, their 

properties, types, and their operation especially if it is known that all countries 

(including Jordan) attempt to use such devices in the close future, and in order to 

complete understanding about the way to derive the acoustics governing equations for 

the DPF unit after it is connected on the exhaust system.  

 

 
 

Figure (3)  some DPF components ( source: Joe Kubsh, www.meca.org) . 

There are many new technologies that recently developed to make exhaust gasses 

emission reduction especially that produced from diesel engines includes 

-Diesel particulate filters (DPF) 

-Diesel oxidation catalysts (DOC) 

-Crankcase emission controls 

-Enhanced combustion modifications: e.g. cams, coating, superchargers, and engine 

rebuild kits. 

From last technologies DPF is considered as one of the most efficient devices and the 

easier to be installed and to maintenance.   
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4.2 Diesel Particulate Filter (DPF) 

4.2.1 Diesel Particulate Filter (DPF) 

   Diesel particulate filter is a superior system in the reduction of particulate matters 

because it can reduce about 70% PM. It contains a large numbers of thin tubes or 

cavities with a diameter of about (1-2 mm), and (0.15-0.5 m) length see figure (3) 

below. There are many types of DPF's (see appendix (A)), such as: electric heater type, 

burner type (ceramic filter), and fuel additive type; the latter type is a honey-comb 

ceramic. The honey-comb type constitutes an additive supply and an electronic system. 

In this type Fe is used as an additive whereby iron oxide is formed which reacts with 

carbon and then it is converted to iron. When certain temperature is reached, the O2 

formed around iron oxide reacts with the particulate matter (PM) so that these particles 

could be regenerated in the existence of O2 of catalyst.  For many diesel engines, the 

exhaust gas temperature is insufficient to regenerate the filter.  

4.2.2 DPF Regeneration  

For filter regeneration to work effectively, exhaust temperatures need to exceed about 

500° C for non-catalyzed systems, and 250° to 300° C for catalyzed systems. Some 

diesel particulate filters use a “passive” approach, and do not require an external or 

active control system to dispose of the accumulated soot. Passive filters are installed in 

place of the muffler. At idle or low power operations, particulate matter is collected on 

the filter. As the engine exhaust temperatures increase, the collected material is then 

burned or oxidized by the exhaust gas, thus cleaning or regenerating the filter. See 

appendix E which shows some cleaner and regeneration units of DPFs, Oh, S. et. al. 

(2002),and ( Washington state university extension in energy program).   

To ensure filter regeneration, various strategies (or combinations) are used. 

Regeneration methods include: 
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-Coating the filter substrate with a base or precious metal, thereby reducing the 

temperature needed for oxidation of the diesel particulate matter;  

-Installing a catalyst upstream of the filter, and again lowering the exhaust temperature 

needed to burn off the particulate. 

-Using fuel-borne catalysts to reduce the burn-off temperature of the collected 

particulates; 

-Installing fuel burners, electrical heaters or some other active method to heat the 

exhaust gas to a high enough temperature to ensure PM oxidation. 

 While limited to primarily off-road applications, another strategy which avoids filter 

regeneration altogether is to use a disposable particulate trap. The disposable system is 

sized to collect diesel particulate matter over a set period of operation. When full, the 

system is removed from the vehicle and replaced with a new unit. 

 

 

                  Figure (4) DPF operation ( source: Joe Kubsh, www.meca.org) . 
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Diesel particulate filters are also very sensitive to exhaust gas temperatures and fuel 

sulfur content which affects on the performance of the DPF system, other factors 

affected the DPF performance are its dimensions, soot layer thickness, and heat losses. 

For most continuously regenerating catalyzed particulate filters to work properly, an 

engine must operate at around 300° C for 30 percent of the duty cycle or 30 minutes. 

Some other types of diesel particulate filters require an average exhaust temperature of 

at least 270° C for 40 percent of the engine duty cycle, ( Washington state university 

extension in energy program).   

 Exhaust gas temperatures are highly application dependent. Excessive heat loss in the 

exhaust system can cause lower exhaust gas temperatures, as can over-size engines that 

are operated low on their torque/power curve. Although many diesel applications 

generate sufficient exhaust gas temperatures for successful DPF operations, device 

manufacturers and regulators recommend that certain vehicle applications are equipped 

with data loggers to continuously monitor exhaust back pressure and temperature. Once 

it is determined that sufficient exhaust gas temperatures exist for filter regeneration, the 

monitoring can be stopped.  Fuel sulfur content also affects the performance of passive 

DPFs, Oh, S. et. al. (2002),and ( Washington state university extension in energy 

program).   

The Department of Energy (DOE) in USA recently concluded a study examining the 

effects of sulfur on diesel particulate filters. Two passive regeneration systems were 

tested: a catalyzed DPF (the filter is directly coated with a catalyst) and a continuously 

regenerating DPF (a catalyst is located upstream of the filter). DOE found that DPFs 

cease to reduce PM emissions with fuels containing 150 ppm sulfur and become a 

source of PM emissions with 350 ppm sulfur fuels. Overall, baseline PM emissions 

increased as the fuel sulfur level increases. At 3 ppm sulfur both devices reduced PM 
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emissions by 95 percent, and at 30 ppm sulfur the PM reduction efficiencies of both 

devices dropped to the around 72 percent.  Diesel particulate filters can be installed on 

new and used automobiles, but must be used in conjunction with ultra-low sulfur diesel 

(ULSD) – fuel with a sulfur content of less than 15 parts per million, Oh, S. et. al. 

(2002),and ( Washington state university extension in energy program).   

The combination of diesel particulate filters and ULSD can reduce emissions of 

hazardous particulates, smog causing hydrocarbons, and poisonous carbon monoxide by 

60 to 90 percent. In fact, it is possible to produce an engine that is cleaner in particulates 

than a natural gas engine. Furthermore, studies have shown that diesel particulate filters 

need not cause additional maintenance on bus or truck engines, or create a fuel economy 

penalty. 
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Chapter 5 
 

Acoustic Theoretical Background: Sound and Waves  
 

5.1 Introduction  
 

   In this chapter some acoustical quantities will be defined as an introduction to make 

calculations for different aspects of sound waves propagation in porous DPF units. In 

section one, sound and waves and their properties, constructions, velocities, and types 

are discussed, in addition to the wave equation. After that some wave propagation 

quantities are discussed including wave propagation constant (which includes 

attenuation and phase shift) and which is determined later for both four-port and six-

port models. Another acoustical quantities described here include shear wave number, 

reverberation time, noise reduction factors, anechoic termination, transmission losses, 

acoustic impedance of DPF unit, and pressure drop model…etc.     

5.2 Waves  

One of the simplest ways to demonstrate wave equation is to take the loose ends of a 

long rope (string) which is usually fixed at the other end and to move the loose end 

quickly up and down. Crests and troughs of the waves move down the rope, and if the 

rope were infinitely long such waves would be called progressive waves which is 

defined as the waves traveling in an unbounded medium free from possible reflexion, 

see figure (5) below.  

                                                          Crest 

 

                                       

                                                                      trough 

Figure (5) progressive transverse waves moving along a string. 
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Waves on strings are transverse waves where the displacements or oscillations in the 

medium are transverse to the direction of wave propagation. When the oscillations are 

parallel to the direction of wave propagation the waves are longitudinal. Sound waves 

are longitudinal waves; a gas can sustain only longitudinal waves because transverse 

waves require a shear force to maintain them. Also both transverse and longitudinal 

waves can travel in a solid. If the wave motion is seen to be as in a series of crests and 

troughs it can be described as a vibrational oscillator in a plane of the medium which at 

the instant of observation, have the same phase in their vibrations. If a plane 

perpendicular to the direction of wave propagation and all oscillators lying within that 

plane have a common phase is taken, then it can be observed that with time how that 

plane of common phase progresses through the medium.  

5.2.1 Velocities in wave motion 

There are three velocities in wave motion  

1) The particle velocity, which is the simple harmonic velocity of the oscillator about its 

equilibrium position. 

2) The wave or phase velocity, the velocity with which planes of equal phase, crests or 

troughs, progress through the medium. 

3) The group velocity. A number of waves of different frequencies, wavelengths and 

velocities may be superposed to form a group.  

5.2.2 The wave equation 

 It is an equation that relates the displacement y of a single oscillator to distance x and 

time t. The mass of the uniform string per unit length or its linear density is ρ, and a 

constant tension Te exists throughout the string although it is slightly extensible. Wave 

equation for the string is a second order differential equation which can be simply 

written as  
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2

2

2

2

t
y

Tex
y

∂
∂

=
∂
∂ ρ

                                                                                                              (5.1) 

The quantity (Te/ ρ) 0.5 is called the wave or phase velocity (c), this velocity also 

represents the velocity with which planes of common phase are propagated. In the case 

of string the velocity arises as the ratio of the tension to the inertial density of the string.  

It is obvious that wave equation relates the acceleration of a simple harmonic oscillator 

in the medium to the second derivative of its displacement with respect to its position, x, 

in the medium. While the wave equation for a beam is of 4th order equation, Pain 

(1989).  

5.2.3 Sound waves in gases  

sound is a wave-type phenomenon by which vibrational energy is propagated through 

elastic media or it can be defined as a disturbance that propagates through an elastic 

medium at a speed characteristic of  that medium. Sound can propagate gases, liquids 

,and solids, but it cannot propagate in vacuum. Normally, two types of waves can be 

generated in an elastic medium: transverse waves and longitudinal. Shearing forces are 

required to cause motion of particles transverse to the direction of particles of wave 

propagation.  Hence, transverse waves are sometimes referred to as shear waves. On the 

other hand, normal forces, or pressure, are required to cause motion of particles in the 

direction of wave propagation, and  for this reason longitudinal waves are sometimes 

called pressure waves. A viscous fluids such as water, can sustain both shearing and 

compression forces, so that both types of waves exist for sound in water. However, 

gases can sustain very little shearing forces, so that sound propagation in air is 

predominantly the result of pressure waves.  

Sound waves are considered as longitudinal waves and also they described as pressure 

waves as mentioned above. If there is a fixed mass of gas, at a pressure P0 occupies a 

volume V0 with a density ρ0. These values define the equilibrium state of the gas which 
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is distributed, or deformed, by the compressions and rarefactions of the sound waves.  

Under the influence of the sound waves it assumed that  

 P=P0+P                                                                                                                    (5.2a) 

 V=V0+V                                                                                                                    (5.2b) 

 ρ= ρ0+ ρd                                                                                                                  (5.2c) 

 u= ux+U0                                                                                                                  (5.2d) 

where  

P0: is the ambient pressure 

V0: is the original volume 

ρ: is the gas density 

 ρd: is a density small change 

ux: is the particle ( acoustic)  velocity 

U0: is the mean flow velocity. 

This means that if there is a sound waves enters a medium filling by some gas the 

volume, density of this gas, pressure, and velocity of sound waves will be changed too, 

and a transferring for these waves is taking on as shown in the following figure which 

represented the DPF case                

                                                                       DPF unit 

 

                               P1                             p2               Out          P2 

              In                                                                                                              

                               q 1                                                                q2 

Figure (6) sound waves transferring through DPF unit (four- port model), and shows a 

DPF unit as a resistive and capacitive element. 
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From last figure the transferring operation can be represented in the form of matrices 

such that  

















=









2

2

1

1

q
p

DC
BA

q
p

                                                                                             (5.3) 

where 









DC

BA : is called the transfer matrix (some times called ABCD matrix) which played 

an important role in calculating the transmission losses in sound waves. Sound waves 

propagation has many characteristics as it would be explained below.  

5.2.4  Sound Fields  

sound has been defined as vibrations in an elastic medium. If a fluctuating disturbance 

is created  at some point in an elastic medium, the vibrational energy (sound) generated 

at this point will spread as waves to fill the surrounding medium. The fluctuating 

mechanism causing the disturbance is called sound source, and the resulting disturbance 

in the medium is called the sound field. To get a complete description for the sound 

field it is necessary to know the sound-pressure level at any point in the field. The basic 

instrument  used to evaluate sound field is the sound –level meter, which obtains a 

quantitive measure of the effective root-mean-square sound pressure at any point in the 

field. This quantity can be related to the sound intensity, I, at the point under certain 

conditions, such that:  

00

2

C
PuPI rms

ρ
==                                                                                                             (5.4) 

where  

Prms: is the root-mean-square value of the acoustic pressure=Pmax/ 2 0.5 

ρ0: is the constant equilibrium density; 

u: is the particle velocity in x-direction, Lord (1980).  
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As the acoustic wave propagates outwards from the source the intensity of the signal is 

reduced with increasing range due to: 

-spreading 

-attenuation.                    
 

5.3 Propagation Constant " Γ ", and Sound Attenuation  

Waves have many characteristics which help in studying them and building the 

acoustics model and determining the acoustic impedance for the DPF unit.  It is very 

important to find the propagation constant for sound waves propagate in DPF unit, 

because these propagation constants represent the eigenvalues and for each of them 

there is an eigenvector which can be used later to find the transfer matrix, "S-matrix". 

-propagation constant “Γ” 

The axial acoustic wave motion has been assumed to have a complex propagation 

constant“Γ”, which can be expanded as: 

Γ =  Γ '+ iΓ ''                                                                                                                   (5.5) 

Where Γ´ represents the wave attenuation and iΓ″ represents the phase shift. 

Attenuation "Γ " 
  Attenuation also refers to the decrease in sound pressure levels between two points. 

However attenuation is more commonly used for describing the acoustical properties of 

heating, ventilation, DPF, and air condition ducts lined with sound absorbing materials. 

Attenuation is the real part of wave propagation constant and it can be reported in 

decibels per unit length of ducts. 

-Phase shift " iΓ″ 

  The Imaginary part of the propagation constant represents the phase shift of the sound 

wave. This part is in general proportional to the shear and bulk viscosity coefficients 

and the heat conduction coefficient. 
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-shear wave number 

The shear wave number is a measure for the ratio between inertial and viscous effects. 

A low shear wave number indicates that the viscous effects are dominant, whereas for 

high shear wave numbers the inertial effects dominate, Seto (1971).  

5.4 Pressure Drop Model  

The pressure drop in DPF unit, ∆p, Can be written as a function of velocity and filter 

resistances as (Allam (2005)) 

∆P =  R1 U + R2 U2                                                                               (5.6) 
where  
U: is the axial mean flow speed 

R1: is the viscous flow resistance which can be written as 

21
h

g d
L

TR ηµ=                                                                                                                (5.7) 

While R2: is the second order flow resistance which can be given as 
 

ggTYR ρ5.02 =                                                                                                                 (5.8) 
where 

η: is  some  constant  [-]  

µ:  is the dynamic viscosity   [kg/(m s)]  

Tg:  is the gas temperature [K] 

L:  is the length of catalyst [m]  

dh: is the hydraulic diameter of the substrate [m]  

Y:  is the resistance coefficient of the substrate [-]  

ρg: is the gas density [kg/m3]  

For this model a pressure drop coefficient K can be calculated such that 

25.0 U
PK

ρ
∆

=                                                                                                              (5.9)  

where K is dependent on the open area ratio and Reynolds number which can be written 

as 
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•=
µσ

ρdURe                                                                                                             (5.10) 

where  

σ•: is the open area ratio. 

d: is the diameter of the cavity. 

5.5 Reverberation and Noise Reduction  

 Reverberation is the persistence of sound in an enclosure as the result of continuous 

reflection of sound at the walls after the sound source has been turned off. The 

reverberation time is the time required for the sound intensity level to decay 60 dB of 

the room. The reverberation time (T60) is the single most important parameter used to 

judging the acoustical propagation of a room. If T60 is large (i. e., it takes many 

reflections to absorb the acoustical energy), there will be a large buildup of sound in the 

room. Two factors influence the reverberation time of an enclosure: the total room 

absorption άs and the room volume V. If άs  is increased, more sound is absorbed with 

each reflection, resulting in a shorter time for sound decay and loss sound buildup. 

Similarly if the volume of the room is decreased, the sound doesn't have to travel as far 

between absorptive reflections, resulting in a shorter reverberation time an less sound 

buildup. T60 can be given as: 

A
KVT =60                                                                                                                    (5.11) 

where: 

K: is a constant of proportionality; 

V: is the enclosure volume; 

A: is the total absorption of the room. 

   As resonant free vibration with damping, reverberation depends on the size and shape 

of the enclosure as well as the frequency of the sound. Reverberation time Trev at a 
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specific frequency is the time in seconds for the sound pressure to decrease to 10-6 of its 

original value (or 60 dB drop) after the source is turned off. i.e.  

TRev= 0.161 V/α                                                                                              (5.12) 

where  

V: is the volume of the enclosure in (m3)  

 α: is the total sound absorption factor of the enclosure in (metric sabins) or sabins. 

Equation (5.12) is valid for the decay of diffuse sound field in a rather live room, say , 

α≤0.2. For large  absorption rooms for example α=1, all the sound would be absorbed 

on the first reflection, implying reverberation time of zero. In such rooms assume that a 

diffuse sound field has been built-up in a room and that its initial intensity  is I0 at the 

time the source is shut off. The intensity of the sound energy absorbed by the first 

reflection on all surfaces of the room would be  I0 α. Hence, after the first reflection the 

intensity of the sound energy remaining in the room would be I1= I0 (1-α). Similarly, 

after two reflections the intensity is I2= I0 (1-α)2 and after n reflections, In= I0 (1-α)n, so 

from definition of Trev: 

 6

00

60 10)1( −=−== nn

I
I

I
I

α                                                                                          (5.13) 

the sound wave will travel in the room between successive reflections a distance d, 

which is called the mean free path, which can be defined as  

S
Vd 4

=                                                                                                                       (5.14) 

where 

V: is the total volume; 

S: is the surface area of the room. 

The time required for n reflections will be given as  
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)1ln(
161.04

60 α−
−===

S
V

SC
Vn

C
ndT                                                                               (5.15) 

this equation gives a reverberation time of zero for room average source absorption 

coefficient of unity, Lord (1980). 

 If reverberation time is too short, the sound may not be sufficiently loudness in all 

portions of the enclosure (DPF) unit. If it is too long, echoes will be present. Short 

reverberation time decreases sound intensity in the enclosure, Seto (1971). 

To establish the noise reduction coefficient, to test the sound control efficiency of 

materials and structures. The growth of sound intensity in a reverberation chamber is 

given by: 

/ 4 )( ) (1 )c V twI t e
a

α−= −                                                          (5.16) 

while decay of intensity is given as: 
 

tVCCeEtI )4/(
04/1)( α−=                                                                                      (5.17) 

where  

w:  is the sound power output in (watt). 

α : is the total sound absorption in metric sabins. 

C: is the speed of sound (m/s). 

V: is the volume of the DPF unit. (m3). 

Eo : is the Sound energy density Jouls/m3. 

a: is the channel width. 

t: is the time. 

-Noise Reduction and Insulation 

    Machine Noise generally indicates poor balance, excessive clearance, turbulent flow 

or other improper working of some components of the machine. Most machine noises 

can be reduced and attenuated by proper redesign or using sound proofing enclosures 

lined with absorptive materials. Acoustical filters such as mufflers, catalytic converters, 
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sound traps, and DPF units should be employed wherever necessary. Impact noise can 

be reduced by using some equipment, It is necessary to calculate space average sound 

pressure level Ls such that: 

2'
0

22
2

2
1 ...log10

nP
PPPL n

s
+++

=                                                                             (5.18) 

where  
p0' = 2 × 10-5 (Pa) is the reference sound pressure 

p1, p2 …pn is the Sound pressures in (Pa), Seto (1971). 

n: is the number of sound pressure sources. 

 
5.6 Sound Absorption and Speed of Sound 

5.6.1 Sound Absorption  

 Sound absorption is a process in which energy of sound is converted partly into heat by 

frictional and viscous resistance of the pores of acoustical materials like porous 

materials (DPF unit) and partly into mechanical vibration of the materials. There are 

many types of equipment to absorb sound such as Helmholtz resonanators and 

resonator-panel absorbers which are considered as efficient tools for sound absorption at 

their resonant frequencies. Mufflers and DPF impede the transmission of sound but 

permit the free flow of air.  

 The sound absorption coefficient α of a material is defined as the decimal fraction of 

perfect absorption that it has, e.g. α=0.6 means 60% absorption. It is the efficiency of a 

material in absorbing sound energy at a specified frequency, and varies with the angle 

of incidence and the thickness of the material, also αSpace = 1. 

 Absorption coefficient (α) is obtained by statistically averaging the ratio of absorbed to 

incident energy over all possible angles of incidence. The average sound absorption 

coefficient α' is determined by averaging the absorption coefficient over all the 

absorbing areas. Also α' can be given as  
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S

S
n

i
ii∑

=′
α

α                                                                                                                (5.19) 

where 

Si: is the area of the source; 

S: is the total surface of the room. 

n: is the total number of the absorption surfaces in the room.  

In general when sound is impinges on a wall, some of the acoustical energy will be 

reflected (r), some will be absorbed, and some will be transmitted (t) by the wall. Sound 

absorption coefficient α abs can be defined as 

i

ri
abs I

II −
=α                                                                                                               (5.20) 

Transmission coefficient αTran can be defined as: 

i

t
Tran I

I
=α                                                                                                                    (5.21) 

5.6.2 Speed of sound 

The speed of sound is the speed of propagation of sound waves through the given 

medium. The speed of sound in air can be given as 

                    ργ /PC =                                                                                            (5.22) 
where  

γ : is the ratio of the specific heat of air at constant pressure to that at constant volume. 

P: is the pressure in (pa). 

ρ: is the density in kg/m3. 

 At room temperature and standard atmospheric pressure, the speed of sound in air is 

343.3m/s and increases approximately 0.6 m/see for each degree centigrade rise. The 

speed of sound in air is independent of change in barometric pressure, frequency and 

wavelength but it is directly proportional to absolute temperature (T) i.e. 
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                       21
2

1 /TT
C
C

=                                                                                           (5.23) 

where 
C1: is the speed of sound at temperature T1 

C2: is the speed of sound at temperature T2 

The speed of sound in Solids having large cross- Sectional area is given by: 
 

                     
)21)(1(

)1(
ψψρ

ψε
−+

−
=C                                                                            (5.24) 

 
where  

ε is she young’s modulus of elasticity. 

Ψ: is the Poisson's ratio. 

ρ: is the density in kg/m3. 

The speed of sound, C, in fluids can be written as  
 

                  ρ/BC ′=                                                                                                  (5.25)                                                                         
where 

B' is the bulk modulus (pa) 

5.7 Anechoic Termination 

 Anechoic Termination is characterized by highly absorptive wedges or long pyramids 

mounted to the walls of the room (DPF) to absorb all incident sound energy. It 

simulates a free field or unbounded space. See fig (7) which represents the anechoic 

termination. 

                                                                                                                 
Figure (7) Anechoic Termination, (source: Tao (2001)).  
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The decay of sound intensity in an anechoic termination is given by  

 

                      tAVACeItI )1)(/(
0

'

)( α−=                                                                             (5.26) 
 

where 

Io: is the sound intensity in watts/m2 when the source shut off 

A: is the total area of wall in m2  

V: is the volume of DPF unit  

α' : is the average sound absorption coefficient, Seto (1971). 

An anechoic sound field is one that is "without echoes" or reflections. However, 

anechoic (free-field) conditions can be approached if the back ground levels resulting 

from reflected sound are sufficiently low. In an anechoic chamber the walls of the room 

are designed to be almost 100% absorptive from a specified range of frequencies, and 

free-field conditions exist nearly to the boundaries of the room. Thus, it is possible to 

determine the directional properties and the sound power of a noise source in an 

anechoic room by taking a number of sound-level measurements in the far field 

surrounding the source. Two types of anechoic tests chambers are commonly used; the 

fully anechoic room has a highly absorbent material on all of its interior surfaces, 

including the floor, while the semi-anechoic chamber has a hard floor. The high degree 

of absorption of anechoic termination is achieved through the use of porous wedge at 

the walls of the room (as in DPF unit).      

5.8 Acoustics Impedance  

-Specific Acoustic Impedance 
 
Specific acoustic impedance Z of a medium is defined as the ratio (real or complex) of 

sound pressure to particle velocity 

 
Z=P/U                                                                                                               (5.27) 

where: 
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P=A+Bے θ, is the acoustic pressure amplitude at the termination, obtained by vector 

combinations of incident and reflected sound-waves amplitudes. 

U= A-Bے θ/ρc is the net particle-velocity amplitude at the termination, obtained by 

vector summation of particle velocities associated with incident and reflected sound 

waves.  

  .θ:is the phase angle between incident and reflected sound waves  ے 

A, B: are some constants.   

For harmonic plane acoustic waves traveling in the positive x direction the acoustic 

impedance can be given as 

                   C
wA
CwA

Z ρ
ρ

=
−

−
=                                                                                    (5.28) 

 
and in negative x- direction 

 

                   C
wA
CwA

Z ρ
ρ

−=
−

=                                                                                  (5.29)                                                                                  

ρC is known as the characteristic impedance or resistance of the medium in (rayls). 

For air ( as an example) at 20oc, ρ= 1.21 kg/m3, C=343.3m/s,  give the air impedance as 

Z = 415 rayls. 

For standing waves, the specific acoustic impedance will vary from point to point in the 

x- direction. In general, it is a complex value such that: 

Z =  r + i y                                                                                                  (5.30) 

where  

r is the specific acoustic resistance. 

y is the specific acoustic reactance. 

The real part of this impedance will reflect flow induced losses and the imaginary part 

contains effects of non-propagating acoustic modes (the "end correction").   
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-Sound Measurements 
 
   Because of the very wide range of sound power, intensity and pressure encountered in 

our acoustical environment, it is customary to use the logarithmic scale known the 

decibel Scale (dB) to describe these quantities, i.e. to relate the quantity logarithmically 

to some standard reference. Decibel (dB) is a dimensionless unit for expressing the ratio 

of two powers, which can be acoustical, mechanical, or electrical. The number of 

decibels is 10 times the logarithm to the base 10 of the power ratio.  

Four things should be kept in mind when expressing sound levels in decibels: 

-level indicates the logarithmic ratio of power-related quantities (W, I, and P). 

-the decibels is defined as 10 times the logarithm (base ten) of this ratio.  

-the level expressed in decibels always implies a reference quantity. 

-level is a dimensionless quantity, Lord (1980).   

One bel is equal to 10dB. The sound power level PWL is defined as  

 

PWL =  10 log   W/W0                                                                                          (5.31) 

where 

W: is the power in watts 

Wo: is the reference power = 10-12 watt 

According to this sound power level can be written as   

 PWL= (10 log W + 120)                                                                                      (5.32) 

 The acoustical power radiated by a large rocket for example, is approximately 107 watts 

or 120 dB, while for soft whisper, it’s 10-10 watts or 20 dB, Seto (1971). 

 Sound intensity level IL is defined as  

 
IL=10 log (I/Io)                                                                                                   (5.33) 

 
where 
 
Io:  is the sound intensity reference= 10-12 watts/ms 

 
Another quantity that is sound pressure level SPL which is defined as: 

A
ll 

R
ig

ht
s 

R
es

er
ve

d 
- 

L
ib

ra
ry

 o
f 

U
ni

ve
rs

ity
 o

f 
Jo

rd
an

 -
 C

en
te

r 
 o

f 
T

he
si

s 
D

ep
os

it



www.manaraa.com

 45 

 
SPL =  20 log (P/Po)                                                                             (5.34) 

where 
 
Po is the Sound pressure reference= 0.00002 Pa, so 
  

SPL=(20 log P +  94) dB                                                                                   (5.35) 
 
 
5.9 Predicted damping for a DPF at operating conditions (hot 
conditions). 
 
  For clean filters and without soot loading DPF's wall resistance, Rw, can be written as 
(Allam (2005)) 

         
w

tw
w

hR
σ

µ
=                                                                                                               (5.36) 

While with soot loading (not clean) DPF unit the wall resistance can be written as: 

)(
soot

soot

w

t
ww

hhR
σσ

µ +=                                                                                            (5.37) 

where  
σsoot = 1.5 × 10-14 (permeability with soot) 
h soot=1/10 ht  
ht= is the wall thickness. 
 
5.10 Characterization of DPF Performance 

-Transmission losses (TL) 
It is the difference between the sound power incident on the DPF unit and that 

transmitted down stream into an anechoic termination. It can be given as 

TL=10 log (Wi/Wt)                                                                                                          (5.38) 

Where  

Wi: is the incident power in watts 

Wt: is the transmitted power in watts. 

For DPF unit transmission losses can be given as 

TL= 20 log (0.5 ׀TDPF׀)                                                                                                   (5.39) 

where 

TDPF is the transformation matrix of the DPF unit. 
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-Noise Reduction factor NRF 
     Noise reduction factor is the difference in sound pressure levels LP at two arbitrary 

selected points in the exhaust pipe and tail pipe. It doesn’t need or require an anechoic 

termination because it uses the standing wave pressures, Seto (1971). 

Depending on noise reduction factor definition it can be given as 

1

2
12 log20

P
P

LPLPNRF =−=                                                                        (5.40)                                                             

NRF is an efficient tool to distinguish between different types of DPF which can be 

rewritten as  

         )log(10
A

TLNRF
α

+=                                                                                      (5.41) 

where  

A:  is the area of the partition. (m2)  

TL: is the transmission loss; 

α: is the sound absorption factor.                                                                            

These two quantities (TL and NRF) will be used to compare between different types of 

DPF unit. 

- insertion loss 

insertion loss is defined as the difference between the sound power levels, Lw, radiated 

without any filter (W1) and that with a filter (W2). Mathematically IL in dB can be 

expressed as:  

IL=Lw1 –Lw2 =10 log W1/W2                                                                                 (5.42) 

5.11 Noise and Noise Control 

Noise is defined as unpleasant or unwanted sound. Technically noise is the combined 

result of single-frequency sound or pure tones, and has essentially a continuous 

frequency spectrum of irregular amplitudes and waveform.  Air borne noise is due to the 
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fluctuations of air pressure about the  mean atmospheric pressure, structural-borne noise 

results from mechanical vibrations of elastic bodies, and liquid=borne noise is caused 

by pulsation of liquid pressure about the mean static pressure. Ultrasound is noise of 

frequency greater than 20 kHz while infrasound is noise of frequency less than 20Hz. 

Noise causes both strain and fatigue, loss of appetite and indigestion, irritation and 

headache, Seto (1971). The noy has been suggested as a possible acoustic unit to rank 

and compare the noisiness or annoyance of noises as the ear hears them.   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A
ll 

R
ig

ht
s 

R
es

er
ve

d 
- 

L
ib

ra
ry

 o
f 

U
ni

ve
rs

ity
 o

f 
Jo

rd
an

 -
 C

en
te

r 
 o

f 
T

he
si

s 
D

ep
os

it



www.manaraa.com

 48 

Chapter 6 

Time Domain DPF Acoustical Model (Four-Port Model) 
 

6.1 Introduction 
  
The problem of sound propagation in gas-filled rigid porous media is studied; it can be 

characterized by a complex-valued gas density and complex-valued gas 

incompressibility. These two so-called scaling functions are frequency-dependent and 

governed by the geometry of the pore structure. The former function describes the 

inertial and viscous interactions between the gas and the pore space, and the latter one 

describes the heat exchange effects between the two domains. 

   Assuming wide separation between the characteristic pore size and the wavelength, 

i.e., between the microscopic and the macroscopic length scales, the porous medium can 

be characterized by several measurable quantities, like the porosity φ, the viscous and 

thermal permeabilities σ0 and σ1, and the viscous and thermal length scales Λ and Λ'. 

These are called the macroscopic pore properties, determining the scaling functions. In 

porous materials (fibrous and granular), the absorption process of the acoustic waves 

takes place through viscosity and thermal losses of the acoustic energy inside the micro 

tubes forming the material. This kind of material is widely used in room acoustics, in 

order to control reverberation time, to avoid undesired reflections, to fill double wall 

cavities, floors and ceilings, and exhaust gases emission reduction devices (DPF) units 

etc.  

Usually it is assumed that the material has a rigid frame and the fluid filling the medium 

inside the pores can be considered as homogeneous, with complex frequency dependent 

characteristic impedance, Z, and a propagation constant, k. The thermo viscous effects 

in the fluid filling interstices among the fibers or the particles are responsible for the 
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energy loss of the propagating acoustic wave. Generally, thermal loses are much lower 

than viscous losses in this kind of material.  

 A more sophisticated approach is to perform an analysis of wave propagation in an 

idealized microstructure corresponding to the form of real materials. For a model of 

identical, parallel, cylindrical pores, in a rigid frame, there are two distinct methods of 

analysis: one of which is based upon the idea of a complex or frequency-dependant 

density for the air within the pores. The other method introduces the idea of a 

frequency-dependant viscosity operator. 

 Many theories of acoustical wave propagation in porous media are evolved from an 

initial conceptual model of a medium containing identical parallel cylindrical capillary 

pores running normal to the surface. In this thesis there will be more focus on the 

capillary pore approach for a medium. The frame of which is assumed to be rigid, and 

an interest with a statement of the results of an analysis of wave motion in a single 

capillary pore and a consideration for viscous and thermal effects will be taken into 

accounts. Zwikker and Kosten theory : ( Allam (2006)) have showed that, at least in the 

limiting cases of low and high frequency, such independent treatments give the correct 

results for motion in a viscous, conducting fluid contained within a cylindrical channel, 

when expressed in terms of a complex density and a complex incompressibility. As they 

point out, given this results, there is considerable merit (from the point of view of 

simplicity of derivation), in stating only the independent treatments.  

In the following sections there will be a description for the physical model, the 

derivation of governing equations from basic equations (momentum, energy ,and 

continuity) , the continuity equation is also written in average form and some results 

from solving both momentum and energy equations, and from state equations with the  

help of Darcy's equation are substituted in the average form of continuity equation to 
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get the final tractable linear partial differential equations(by making some complicated 

mathematical operations), which will be solved by helping of Fourier sinus series to 

find the propagation constants, and other needed quantities.   

6.2 Derivation of the Governing Equations 
 
6.2.1 Physical Model 
 
Figure (8) below shows obviously how DPF works, and it can be noticed that the started 

flow is in x-direction, but after it enters the filter it was forced to go transversely in y-

direction, hence the flow is 2-D.  

 

 

 

 

                                                   

 

 

 

 

                   Figure (8)   Exhaust emission motion in DPF unit ( Muter (1998). 

  The DPF may be manufactured from different materials (Cordierite or Silicon Carbide 

for example) and in its most common form consists of a substrate of narrow channels in 

which each channel is blocked at one end. Adjacent channels have this blockage at 

alternate ends with this construction exhaust gas may enter at one end, but must pass 

through the permeable wall of a channel before exiting and is thus termed a wall flow 

device, Mutter (1998). From this it is clear that the flow in y-direction has a 

considerable effect i.e. the transverse velocity has a vital role and it has an affect in the 

form of making the problem like as a 2-D problem.  

  The structure of diesel particulate filler (DPF) cells will be considered 

approximately square in the cross- section with a usual width of (1-2) mm. To 

develop an acoustic model for the sound propagation in DPF unit after it is connected 

Plug                               porous ceramic wall 

 
 
Exhaust gas flow 
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on the exhaust pipe, the knowledge of the propagation constant for two neighboring 

cells in the filter is required see fig (9). To derive the governing equations that 

describe behavior of sound propagation in the filter and which will help in controlling 

noise and vibration of the exhaust pipe after DPF unit is connected, the following 

assumptions are to be taken into account: 

- The axial mean flow velocity is taken into account. 

-DPF unit will be considered partially filled with porous media-Darcy's equation 

applied. 

-The transverse “normal” component of velocity (v) will not be neglected i.e. the model 

will be treated as a 2-D model. 

-Flow in porous DPF unit will be considered as viscous-thermal flow, incompressible, 

laminar (Re=0.408, see chapter 3), a steady (axial mean flow) and Newtonian ideal gas 

flow. 

 -Chemical reactions are neglected. 

As shown in figure (9) DPF unit will be split into five areas each described by an 

acoustic two- port and each one has an acoustic impedance to be calculated, and 

depending on 

  IN                1                                       2                                                     3          OUT 
 
 
 
                         
    y 
 
               x 
 
                                                                                                          
                     
 

Figure (9) DPF sections and the 2D flow of gases. 
 

this splitting of DPF unit the transfer matrix for filter unit is then can be written as  
 
TDPF = TIN T1 T2 T3 Tout                                                                                    (6.1) 
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6.2.2 Governing Equations Derivation 

The propagation of sound is always associated with a medium; sound does not 

propagate in a vacuum. Sound is generated when the medium is dynamically disturbed.  

Such disturbance of the medium affects its pressure, density, velocity, and temperature. 

Thus the vibrations are defined as sound and usually they are longitudinal waves or 

vibrations, i.e., the particles move in the direction of propagation of the sound waves. 

The relative displacement of the particles within the sound wave generates a small 

change of pressure, density, temperature, and also the particles velocity as mentioned 

above in chapter 5, equation (5.2a, b, c, d).  The total particle velocity of gases flow 

through the DPF unit can be given as  

   jxj Uuu 0+=                                                                                                              (6.2) 

Where  

uxj: is the acoustic particle velocity; 

U0j: is the axial mean flow velocity.  

To derive the governing equations the following linearized conservation of Navier – 

Stokes (momentum) equations, continuity equation, and energy equation, are simplified  

in the manner appropriate for narrow pipes see Allam (2006), and Dokumaci (2001). 

Navier -Stokes equation in general is given as: 
 

[ ] [ ]
ixjij uPuu

t
u 2

0 . ∇+∇−=



 ∇+

∂
∂

µρ
rr

r
                                                                         (6.3) 

 
This equation can be expanded in both x and y directions such that: 
 
In x-direction (assume no axial mean flow speed in y-direction, i.e Voj=0): 
 

[ ] [ ]
ixjizjyjj uP

z
uw

y
uv
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t
u 2
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∂
∂

+
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∂

+
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∂
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∂
∂

µρ                                                 (6.4) 

 
In y-direction  
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Now by substituting equation (6.2) in equation (6.4) yields 
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  Equation (6.6a) can be written as:  
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                                                                                                                                    (6.6b) 
By making the following assumptions: 

-Steady axial mean flow, i. e. 
t

U j

∂

∂ 0 =0,  

-
y

uxj

∂

∂
 is neglected –no change in x component velocity in y-direction. 

-
x

U
Uand

x
u

u j
j ∂

∂

∂
∂ 0

0, : are very small quantities to be neglected depending on both 

Dokumaci(2001) and Allam(2006) by the usual process of linearization. Both of them 

applied an order magnitude analysis, in the manner of Zwikker and Kosten theory: in 

order to dispense with the dual terms. 
x

U
Uand

x
u

u j
j ∂

∂

∂
∂ 0

0, : are assumed to be 

neglected since these terms are arising from the extreme difference in length and 

velocity scales in axial and transverse directions, and also all approximated works 

treated such problems neglected them to simplify the linearized equations into a 

mathematically tractable form. 

z
uw

∂
∂ :  is neglected (2-D problem). 

 
By taking into account last assumptions, substituting equation (6.2) and by rearranging 

equation (6.6b) yields 
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where  
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t

u xj
j

∂

∂
0ρ : represents the local inertial term. 

    
x
u

j ∂
∂

0ρ : represents the axial variation of particle velocity.  

2

2

x
u

∂
∂

µ : represents the viscous forces effects. 

 
x
P

∂
∂ : represents the axial pressure drop.                                                                                                

                                                                                                                                   
Expanding equation (6.5) in y – direction and assuming that (v=vyj+V0J )  and taking 

into accounts the same assumptions in x-direction leads to: 
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(6.8) 
 
-in this case and under the last mentioned assumptions Continuity equation can be 

written as( Dokumaci (2001) and Allam(2006)): 
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 Energy equation can be written as 
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                                                                                                                                      (6.10) 
where: 

Tj: represents the temperature fluctuations; 

T0j: is the ambient temperature.  

State equation: 

The gasses emission upon the exhaust pipe will be considered as an ideal gas, so 
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where  
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( , , )j j x y tρ ρ=  

( , , , )j jT T x y z t=  
),,( tyxPP jj =                                                                                                             (6.12) 

 
In all last equations, x, y denotes the channel axis, uxj, vyj are the acoustic particle 

velocities, j = 1, 2 represent the inlet and outlet pipes, respectively, p, T and ρ are the 

acoustic pressure, temperature and density, respectively, μ is the shear viscosity 

coefficient, kth is the thermal conductivity of the fluid, R is the gas constant, Cp is the 

specific heat coefficient at constant pressure, P0, T0 and ρ0 denote the ambient pressure, 

temperature and density, respectively, U0, V0 denotes the axial mean flow velocity  and 

transverse velocity respectively, and 2
s∇  denotes the Laplacian over the channel cross-

section. 

To describe the coupling between neighboring channels (which describes the porosity of 

diesel particulate filter) Darcy’s law is applied to the fluctuating fields( in y-direction): 

ww uRpp =− 21                                                                                        (6.13) 
 
where 

 uw : is the acoustic velocity through the wall ; 

Rw is the wall resistance, which is given by Rw =  μwht/σw,  

μw is the dynamic viscosity, 

ht   is the wall thickness and 

σw  is the wall permeability. 

In this case Darcy's equation is applied since the DPF is considered partially porous 

media. Brinkman's relation ( see ch.3) can be applied here, but for simplicity and since 

DPF is partially porous as mentioned above Darcy's relation is suitable.  

The problem will be treated as a 2D problem i.e. 

02
0

2

2
0

2
0

2
0 =

∂

∂
=

∂

∂
=

∂

∂
=

∂

∂

z
V

z
V

z
U

z
U jjjj                                                                  (6.14) 

 
In order to find a solution for the acoustic model uxj, vyj, Pj, ρj, Tj are considered to be 

varying with time only i.e. (time- harmonic variation). Such that 

 

uxj =  A0eiwt                                                                                       (6.15) 
 
vj =  B0eiwt                                                                                                      (6.16) 
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Similarly 
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= ρρ

                                                                                                  (6.17) 

where  
 
A0, B0 are some constants depend on x and y directions.. 
 
i=√-1; 
 
ρ0, P0, and T0 are ambient values of density, pressure, and temperature respectively. 
Also   
 
t: is the time[s].  

 
By differentiating all equations in (6.15), (6.16) and (6.17) with respect to time and 

substituting them in equations (6.4) to (6.8) yields  

-Navier- Stokes equation in x-direction  
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                                                                                                                        (6.18) 
-Similarly equation (6.8) becomes: 
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(6.19) 
 
-Similarly equation (6.10) becomes: 
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                                                                                                                                    (6.20) 
 
For verification if the problem is back treated as a 1-D linear problem the equations 

(6.18) to (6.20) will reduces as given by Allam (2006).  

To get a full description to the acoustic model of DPF unit, and then to find impedance, 

transmission losses, and other parameters needed, equations ((6.18) to (6.20) must be 

solved. 

By using the following perturbations for (Tj,  Pj, uxj, and vyj): 
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                                                                                                                         (6.21) 
where  
Hj, Fj are called dispersive functions in space. 

 
By differentiating all terms in equation (6.21) and substituting them in equation (6.18) 

and (6.19) yields: 
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                                                                                                                                      (6.22) 
 
By dividing by Pj and using the fact that: 
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where 

Sj is the shear wave number  

Mj is Mach number 

 And by rearranging and substituting equation (6.23) in equation (6.22) the resultant 

becomes: 
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By assuming that 
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It yields: 
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Similarly in y-direction equation (6.19) becomes: 
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where  
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C
V

M jy
0= : is the Mach number, and 

C
w

k =1 :  is the wave number. 

Γ : is the wave propagation constant. 
 
Equation (6.27) is called the dispersion equation and both H(x, y, z), and F(x, y, z) are 

called dispersive functions and to be determined later in the average form. 

By substituting derivation of equation (6.21) in equation (6.20) yields  
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                                                                                                                                      (6.29) 
 
By substituting state equation (6.11) in equation (6.29), rearranging and divided by Pj, 
and Kthj yields  
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Where 
 
Pr:  is the Prandtle number.  
 
In order to find a solution to equation in a weak (Galerkian) sense which assumes that 

the field is expanded in a double Fourier Sinus series such that Hjx(x, y, z) is assumed to 

be just varying in other directions i.e. in y and z directions which implies that 
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H jj                                                                           (6.32) 

Fourier sinus series in x-direction can be written as 
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Similarly in y-direction Fourier sinus series takes the form  
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where 

m, l, n=1,3,5,7,…. 

 This series included only symmetric terms since the assumed pressure distribution is 

symmetric over the cress- section and no slip wall Boundary conditions is satisfied by 

all the terms, Allam(2006). 

  To calculate ( lnaandamn ) substituting the series into equation (6.24), integrate the 
results over the C.S and by using the orthogonality property of the terms Allam (2006). 

Multiplying equation (6.34) by:
jj a
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a
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2
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'' ΠΠ  And integrating over the cross 

section yields: 
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where  
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By making last integrations when m=m', n=n' and m ≠ m', n≠n' yields ( Allam (2006):  
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where  
m, n and m', n' are  odd integers= (1,3,5…..)  
 
By Substituting equations (6.39) and (6.40) into equation (6.35) yields  
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From equation (6.41) amn can be determined such that 
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Similarly in y-direction 
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 In the same way bmn, amn can be determined by assume: 
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And by following same procedure in y-direction 
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Following same procedure in calculator amn, a ln yields  
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While in y- direction bln will be undefined so the problem will be continued only in x- 

direction and the y- direction will be neglected. In order to get a complete solution for 

the acoustic problem, equation (6.9) must be solved, in order to do this,  equation (6.9) 

is written in the average form such that  
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In general from mathematics any average value can be written as  
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So by averaging state equation (6.11) yields  
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But the last term in equation (6.52) can be written as 
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w
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j
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And the partial derivative of both u, v can be written as   
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                                                                                                                                   (6.54) 
where 

cj is the curve around the channel perimeter. 

uw  is the acoustic wall velocity. 

By using Darcy's law (equation (6.13)). 
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Substitute equations (6.54) and (6.55) in equation (6.53) leads to 
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By substituting equations (6.56) and (6.54) in equation (6.47) to get 
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                                                                                                                                     (6.57) 
Rearrange equation (6.57) and substitute the value of  Pj (given in equation (6.21)) leads 
to 
 

0
)(2

*)1(

)2()1)((1

2101

01
0

0
0

01
0

=
−

−+












><Γ−

∂

∂
+><−

∂

∂
+Γ−

−

wj

jj

jjj
j

jjj
j

j
jj

Ra
AA

AHik
x

FR
x

U
Ukiw

TR

ρ

ρ
ρ

ρ

       (6.58) 

Multiplying equation (6.58) by ( 
j
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02ρ
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                                                                                                                                      (6.59) 
                                                                                                                     
This equation represents a linear homogeneous equation system for the amplitudes of 

pressure waves A1, A2 in neighboring channels 1 and2 which can be written as 
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and  

     1
2 )1( −−= j
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For non trivial solution the determinant  
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122111
KKK

KKK
−

−+
                                                                                            (6.63) 

 
Should be equal to zero, and this leads to a transcendental equation for the propagation 

constant "Γ".  By substituting numerical values of different constants and physical 

quantities, and by using "Matlab" for the case of no-mean flow i.e. (U0j= V0j=0). Wave 

propagation constants in such studies are usually calculated under two conditions; the 

first at operating conditions where T=500˚C, Allam (2006), and secondly at T=1000˚C. 

The final results for the values of the propagation constant are summarized below as 

follows; 

                                      

-For hot conditions (T=773˚K, w=400-1000 Hz); 

Table (2) propagation constants at hot conditions, four-port model 

Γ1= (0.2451+0.9873i)*10-3; Γ2= (-0.2451-0.9873i)*10-3 

Γ3= (-0.7035+0.3440i)*10-3; Γ4= (0.7032-0.3440i)*10-3 

 
- Under the operating temperature T=1000˚ C: 

Table (3)  propagation constants at hot conditions, four-port model 

Γ1=(0.123+0.361i) *10-3 Γ2=(-0.123-0.361i) *10-3 

      Γ3=(-0.351+0.148i) *10-3       Γ4=(0.351-0.148i) *10-3 
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Chapter 7 
 

Six-Port DPF Acoustic Model 
 

7.1 Introduction 
 
 Some previous studies built a four-port model for the sound propagation in porous DPF 

unit, Allam (2006), and Dokumaci (2001), but these models treated the problem as a 1-

D model by neglecting the effects of transverse velocity. In last chapter a four-port 2-D 

model was built by taking into accounts the effects of transverse velocity and some 

improvements have been achieved, in this chapter a six-port model for the DPF unit will 

be built by taking into account that the parameters: pressure, temperature, densities, and 

velocities are considered to be harmonic in time and 2-D space. Following same 

procedure in last chapter, six roots which represent wave propagation constants are 

determined, and hence an invented six-port model is built, which will be used to find 

sound transmission losses, and other needed acoustic quantities.    

7.2 Governing equations of six-port DPF model  
 
To reach to the real case of the acoustic model for the DPF unit, u, v, Pj, ρj, and Tj are 

considered to be harmonic in time and 2-D space such that: 
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 A0, B0 , A00, B00  are some constants. 
 
  So by differentiating all equations in (7.1) to (7.8) partially with respect to time and 

then  with respect to x and y substituting them in equations (6.5) to (6.10) yields  
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Similarly in y-direction  
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While continuity equation becomes 
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Also energy equation becomes  
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Using the same procedure in solving time harmonic variation equations in chapter 6 the 

new harmonic in time and 2-D space obtained equations will be solved to give the 

following partial differential equations.  

- Navier-Stokes equation in x-direction becomes 
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-in y-direction, Navier-Stokes equation can be written as  
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Energy equation also solved by the same method (in chapter 6) and yields                                            
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To solve equation (7.13), and (7.17) the field is expanded by using Fourier sinus series 
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= ∑                                                   (7.19) 

Differentiate equation (7.19) then substitute in equation (7.15) and making the same 

Procedures as in chapter (6) yields  
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Followed the same procedure  
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Same procedure used for equation (6.20) to find  bmn yields  
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To complete the solution energy equation should be solved, by averaging this equation 

yields  
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By substituting equations (6.48) to (6.55) in equation (7.23) this leads to 
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Rearrange equation (7.24) gives 
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                                                                                                                                    (7.25) 
where ><>< jj HandF : are called average dispersive functions given in equation 
(6.50) and (6.51). 
Equation (7.25) can be written in matrix form as follows 
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where  

A
ll 

R
ig

ht
s 

R
es

er
ve

d 
- 

L
ib

ra
ry

 o
f 

U
ni

ve
rs

ity
 o

f 
Jo

rd
an

 -
 C

en
te

r 
 o

f 
T

he
si

s 
D

ep
os

it



www.manaraa.com

 68 












><Γ−+

∂

∂
+><−

∂

∂
+= jjj

j

j

jw
jjj

j

jjj

jw
j HikUD

x
aR

FR
x

U
iw

TR
aR

K )2(
2

)1)((
2 0100

0

0
0

0

00
1 ρ

ρ

ρ
ρ

ρ                   
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and 
 
 1

2 )1( −−= j
jK                                                                                                              (7.28)  

 
 
For non trivial solution the determinant  

 

221221
122111
KKK

KKK
−

−+
                                                                                         (7.29) 

 
should be equal to zero. And this leads to a transcendental equation for the propagation 

constant "Γ".  

By substituting numerical values of different constants and physical quantities, and by 

using "Matlab" for the case of no-mean flow i.e. (U0j= V0j=0). The final results for the 

values of the propagation constant are summarized below as follows; 

 

-For hot conditions: (T=773˚K, w=400-1000 Hz); 

Table (4) propagation constants at hot conditions, six-port model 

Γ1=-0.3407-0.1522i; Γ2=0.3407+0.1522i; 

Γ3=0.2719+0.2250i; Γ4=-0.2719-0.2250i; 

Γ5=0.0688-0.0391i; Γ6=-0.0688+0.0391i; 

 

- At hot condition : T=1000 ˚C, w=400-1000 Hz. 

Table (5) propagation constants at hot conditions, six-port model 

Γ1=-0.170-0.0423i; Γ2=0.170+0.0423i; 

Γ3=0.1195+0.4261i; Γ4=-0.1195-0.4261i; 

Γ5=0.0759-0.0204i; Γ6=-0.0759+0.0204i; 
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Chapter 8 
 

Acoustic Impedance and Transmission Losses of DPF Unit 
 
8.1 Introduction 
 
In order to find sound transmission losses for the DPF unit, the results of chapter 6 and 

7 are used. In this chapter the eigenvalues for the propagation constant are used to find 

eigenvectors which are at the end contribute in building the transfer matrix , S, which 

used to find transmission losses and noise reduction factor. These two quantities 

represent the capability of DPF units in treating the extremely noise problem of diesel 

engines, the transmission losses increase the more efficient DPF unit, and same for the 

noise reduction.         

8.2 Finding the T2 matrix 
 
For each root of eigenvalues of Γ there is a corresponding 2D mode (eigenvector) en. 

Using these eigenvectors and mode the general expression of these eigenvectors can be 

given as:  

For the time harmonic variation 
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Where 

na)  is the modal amplitude 
)(xp)  is the acoustics pressure. 

For each acoustics pressure there is an acoustics volume velocity  )(xq j
)  such that 
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                                                                                           (8.2) 

 
where njnjjnj eHae ,,

2'
, 4 ><= . 

So by using last equations the total four-port matrix can be written as 
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Where 
 

112 /81 kikk β−=  
wjwj RdhC /ρβ =  , Allam (2005). 

<Hj>=4a11/Π2                                                                              (8.4) 
 
By applying boundary conditions at x=0, x=L, to get 
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And at x=L 
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From equation (8.6) it can be shown that 
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Let the value )()0( 1 LHH −  be called as S-matrix. 
 
The four-port matrix S can be used to find the two-port matrix T2 by using rigid wall 

boundary conditions in channel 1 and 2 i.e. 
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By applying last B.C yields  
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So the two-port matrix can be written as 
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where 
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If the number of channels at inlet (x=0) and outlet (x=L) is N, then the total volume 

flow in all the open channels should be added, such that 
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where 
41/11421211 SSSST −=  
41/11441412 SSSST −=  
41/31423221 SSSST −=  
41/31443422 SSSST −=                                                                    (8.14) 

By substituting numerical values the S matrix can be given as 
Sat T=500 C=  1*e3 





















+

+++

+
+

2-

2-

10^* )  0.0001i - 0.0002-  0.0001i - 0.0003-  0.0008i - 0.0005   0.0000i  0.0009- ( 
10^* ) 0.0001i  0.0002   0.0001i  0.0003   0.0008i  0.0005-  0.0000i - (0.0009

0.7576i - 2.3229-  0.9379i - 3.6978-  0.1530i - 1.4236-  0.3830i  2.2079   
0.7576i - 2.3229-  0.9379i - 3.6978-    0.1530i - 1.4236-    0.3830i  2.2079

                                                                                                                                      

                                                                                                                                   (8.15) 
 
 
SHOT, T=1000 C=  1*e2 
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+
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10^* 0.0001i)0.0039-  .0002i0.0064-  0.0033i0.0011-  0.0045i(0.0012 
10^* 0.0001i)-0.0039    .0002i0.0064   0.0033i0.0011  0.0045i(-0.0012

9.8755i - 2.6799-  7.1114i - 3.4061   3.8065i - 5.9253-  6.0904i  9.4804
9.8755i - 2.6799-  7.1114i - 3.4061   3.8065i - 5.9253-  6.0904i  9.4804

                                                                                                                                      

                                                                                                                               
                                                                                                                                   (8.16) 
8.2 The Lumped Impedance Model for the DPF unit 
 
To obtain the acoustic resistance of the DPF, it is assumed that the acoustic field acts as 

a quasi-stationary disturbance of the steady state pressure drop (ΔP) over the filter unit. 

This pressure drop is modeled using Darcy's law with a quadratic Forcheimer extension 

- equation (5.6). 

By differentiating this equation with respect to U yields  
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But since dQ=Af*dU yields  

 
dQRPd ac=∆ )(                                                                                                          (8.18) 

 
where 
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f
ac A

URRR 21 2+
=                                                                                                  (8.19) 

Rac is the acoustics resistance 

Af is the filter cross-sectional area. 

The lumped impedance model can be used for the in and outlet sections including the 

adjacent short pipes, see Allam (2002), and Allam (2005). This implies that (for two-

port model) 
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where 

x=IN+1, or 3+OUT sections of the DPF. 

2
hj

xx
xx d

wlirZ ρ
+= , Allam (2005)                                                                             (8.21) 

r is the acoustic resistance of the filter section. 

l is the end correction length 

dhj is the hydraulic radius. 

From Allam (2005) 
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Where R2 can be given as 
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m IN, m OUT are the open area ratios at inlet and outlet respectively. 

So by multiplying equation (8.22) by (Cj/Cj) and substitute equations (8.23) in equation 

(8.20) yields  










+−

+−
=

Nd
wlimMZ

Nd
wlimMZ

Z

hj
OUTIOUTOUT

hj
INININ

x

2
3

2
12

)/11(2

)1/1(

ρ

ρ

                                       (8.24) 
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Depending in last equations and derivations the full transforming matrices for different 

sections of the DPF can be written as follows 
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-for section number 1 of the DPF  
















=

10

1
2
1 2

1

1 Nd
wli

T hj

ρ
                                                                            (8.26) 

- For the outlet section of the DPF unit 
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-for section number 3 of the DPF  
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While for section 2 it was given in equation (8.13). 
where 
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By applying equation (6.1) and then take all terms of the matrix TDPF in series  and then 

applying equation (5.39) the resulted quantity is known as the transmission losses, 

which can be given as 

))16/1()8/1()/11(25.0
)16/1()1/1()8/1()8/1()16/1(

)1/1(25.025.0)8/1()/11(

)1/1(5.0)2/1()/11()4/1(

)1/1()8/1()8/1()16/1((log10

2232121

21
2

2232231312

2
2132113113

2
2121111

2
212111110

TiYNTmMZNT
NTmMZTiYTYYNiYT

mMZNTiYNTYYTiYmMZ

mMZNTNTiYmMZT

mMZNTNTiYTTL

OUTOUTOUT

INININ

INININOUTOUTOUT

INININOUTOUTOUT

INININDPF

++−

++−+−

+−+−+−

+−++−

+−++=

                                     

                                                                                                                                   (8.30)                                                                
where 

Y1: is the plug mass impedance of section 1 (Y1=
Nd

wli

hj
2

1ρ ) 

Y3: is the plug mass impedance of section3 (Y3=
Nd

wli

hj
2

3ρ ) 
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For be harmonic in time and 2-D space case, six roots have been found, and for each 

root (eigenvalue), there is an eigenvector, so equation (8.1) becomes  
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                                                                                         (8.31) 

And so equation (8.2) becomes  
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                                                                                        (8.32) 

By following same procedure outlined in section 8.1 the S matrix becomes of 6x6 order 

matrix, i.e. a sixth-port model is invented here. This new model describes the pressure 

flow and velocity of gasses emission at inlet(x=0), outlet (x=L), and between porous 

walls. So equations (8.31) and (8.32) can be rewritten as  
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S-matrix given in equation (8.8) can be given as:  
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But it is obvious from last equations that 

 
 
 

                            
(8.35) 

 
 
 

 
And in the same way at x=L  
 
 

 
 
 
                                                                                                                                 
                                                                                          (8.36) 
 
 

The six-port matrix S can be used to find the two-port matrix (T2) by using boundary 

conditions in channel one and two. 
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Now by applying these B.C. yields  
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where  
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Each term in the last matrix can be determined by using B.C.s such that  
 

1211 ST =  
51/11)5522(1512 SSSSST +−=  

4221 ST =  
51/41)5255(4522 SSSSST +−=                                                        (8.39) 
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By substituting numerical values given in appendix 2 in equation (8.33) the following S 
matrices for both hot and cold conditions 
 
S at T=500 C = 
 
  1.0e16 * 
 
  Columns 1 through 4  
 
  -0.0003 + 0.0004i  -0.0001 - 0.0002i  -0.0005 - 0.0002i  -0.3585 + 1.7305i 
  -0.0003 + 0.0004i  -0.0001 - 0.0002i  -0.0005 - 0.0002i  -0.3585 + 1.7305i 
  -0.0003 + 0.0004i  -0.0001 - 0.0002i  -0.0005 - 0.0002i  -0.3585 + 1.7305i 
  -0.0000 + 0.0002i  -0.0001 - 0.0000i  -0.0002 + 0.0000i   0.2386 + 0.5908i 
  -0.0001 + 0.0004i  -0.0002 - 0.0001i  -0.0005 + 0.0000i   0.4054 + 1.5278i 
   0.0001 - 0.0003i   0.0000 + 0.0003i   0.0001 + 0.0001i   0.4521 - 0.3587i 
 
  Columns 5 through 6  
 
  -0.2815 - 1.8014i  -0.4736 + 0.0477i 
  -0.2815 - 1.8014i  -0.4736 + 0.0477i 
  -0.2815 - 1.8014i  -0.4736 + 0.0477i 
  -0.4447 - 0.4841i  -0.1325 + 0.1090i 
  -0.9458 - 1.3286i  -0.3598 + 0.2276i 
  -0.2758 + 0.5067i   0.0689 + 0.0504i 
 
S hot T=1000 C = 
 
  1.0e15 * 
  Columns 1 through 4  
 
  -0.0005 - 0.0021i   0.0036 - 0.0008i  -0.0026 - 0.0020i  -0.1289 - 4.3701i 
  -0.0005 - 0.0021i   0.0036 - 0.0008i  -0.0026 - 0.0020i  -0.1289 - 4.3701i 
  -0.0005 - 0.0021i   0.0036 - 0.0008i  -0.0026 - 0.0020i  -0.1289 - 4.3701i 
  -0.0004 + 0.0004i  -0.0029 - 0.0009i   0.0021 + 0.0012i  -1.6481 + 0.4864i 
  -0.0014 - 0.0012i   0.0021 - 0.0024i  -0.0028 - 0.0001i  -2.2753 - 2.9946i 
  -0.0004 + 0.0004i  -0.0029 - 0.0009i   0.0021 + 0.0012i  -1.6481 + 0.4864i 
 
  Columns 5 through 6  
 
   2.0042 - 4.7261i   0.0000 + 4.5036i 
   2.0042 - 4.7261i   0.0000 + 4.5036i 
   2.0042 - 4.7261i   0.0000 + 4.5036i 
  -0.8709 - 0.1965i   0.9007 - 0.4504i 
  -0.9601 - 4.3104i   2.2518 + 3.1525i 
  -0.8709 - 0.1965i   0.9007 - 0.4504i    
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To find the values of transmission losses for different cases and for different types of 

DPF, numerical values for different physical quantities will be substituted in equation 

(8.30), the results will be shown and discussed later in the following next chapters. 
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Chapter 9 
 

Results and Discussion 
 

9.1 Introduction  
 
  In this chapter the obtained results are presented including wave propagation constants 

in both conditions: hot and cold conditions and for both models: four-port, and six-port 

models. Also transmission losses, noise reduction factor for typical DPF unit, and other 

DPFs type are plotted against frequency, pressure drop model, and other relations 

between transmission loses and porosity, permeability, number of channels, and other 

quantities are also plotted. These results are followed by a discussion to explain some 

points, and relations. A comparison between different types of DPF units is 

demonstrated in this chapter depending on both transmission losses and noise reduction 

factor.     

9.2 Results 
The following figures represent the obtained results from the two mentioned approaches 

( four-port and six-port models) under the two conditions; hot and cold.   

 
 
 
Figure (10): Real part of Γ (attenuation) against shear wave number, Γ1, and Γ2 
propagation constants for uncoupled waves, Γ3, and-Γ4 propagation constants for 
coupled waves, time harmonic variation only , and under hot conditions (T=500˚ C). 
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Figure (11): Real part of Γ vs. shear wave number, ….Γ1, and--- Γ2 are propagation 
constants represent uncoupled waves, ….Γ3, and ----Γ4 propagation constants for 
coupled waves, time harmonic variation only, and under hot conditions (T=1000˚C). 
 

 
 
Figure (12): Imaginary part of Γ (phase shift) against shear wave number, Γ1, and Γ2 
propagation constants for uncoupled waves, Γ3 and Γ4 propagation constants for 
coupled waves, time harmonic variation only, and under hot conditions (T=500 ˚C). 
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Figure (13): Imaginary part of Γ (phase shift) against shear wave number,….. Γ1, and           
----Γ2 propagation constants for uncoupled waves,    Γ3 and ----Γ4 propagation 
constants for coupled waves, under hot conditions (T=1000˚ C). 

 
Figure (14):  Real part of Γ vs. shear wave number (phase shift), Γ1 and Γ2 propagation 
constants for uncoupled waves, Γ3 and  Γ4 propagation constants for coupled waves, Γ5 
and Γ6 represent the interfering parts,  time and 2-D space harmonic variation, and 
under hot conditions(T=500 ˚C ). 
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Figure (15): Real part of Γ vs. shear wave number, ….Γ1, and--- Γ2 are propagation 
constants represent uncoupled waves, ….Γ3, and ----Γ4 propagation constants for 
coupled waves, ….Γ5, and -----Γ6under hot conditions (T=1000˚C). 

 
Figure (16): Imaginary part of Γ vs. shear wave number (phase shift), Γ1 and Γ2 
propagation constants for uncoupled waves, Γ3 and Γ4 propagation constants for 
coupled waves, Γ5 and Γ6 represent the interfering parts, under hot conditions (T=500 
˚C). 
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Figure (17): Imaginary part of Γ against shear wave number, ----Γ1, and--- Γ2 are 
propagation constants represent uncoupled waves, ….Γ3, and ----Γ4 propagation 
constants for coupled waves, ….Γ5, and …..Γ6, under hot conditions (T=1000˚C). 

Figure (18): transmission losses against frequency under the case of hot conditions( 
T=500 C) compared with the recent study by Allam(2006), ----- (With no soot layer) 
present study, ….. Allam, ……Allam ( with soot layer), and -.-.-.-.present study with 
soot layer. Mach=0.02, for typical filter, and time harmonic variation only. 
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Figure (19): transmission losses against frequency for RC:200/12 DPF unit type under  
the case of hot conditions(T=500C) compared with last recent study [Allam], --- for 
Allam, while         is  for the proposed study, (With no soot layer), and Mach=0.02. 
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Figure (20): transmission losses against frequency for RC: 200/20 DPF unit type 
under the case of hot conditions(T=500C) compared with last recent study [Allam], --- 
for Allam, while         is for the proposed study, (With no soot layer)., and Mach=0.02. 
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Figure (21): transmission losses against frequency for EX80:100/17 DPF unit type 
under the case of hot conditions(T=500C) compared with last recent study [Allam], -----
-for Allam ,          for the proposed study, (With no soot layer), and Mach=0.02. 
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Figure (22):  transmission losses against frequency for EX80:200/14 DPF unit type 
under the case of hot conditions(T=500 C) compared with last recent study [Allam], ----
for Allam,          is for the proposed study, (With no soot layer), and Mach=0.02 
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Figure (23): transmission losses against frequency,        for RC:200/12, -.-.-.for 
EX80:200/14, -----for EX80:100/17, and…..for RC:200/20 DPF unit type under the 
case of hot conditions (T=500 C), (With soot layer), and Mach=0.02. 
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Figure (24): NRF against frequency for typical DPF under the case of hot conditions, 
……(With soot layer), and ----- with no soot layer,  and at Mach=0.02. 
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Figure (25): transmission losses against frequency under the case of hot conditions 
(T=1000 C), ------(With no soot layer), and ------ with soot layer,  and Mach=0.02. 
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Figure (26): Transmission losses against frequency under the case of hot conditions 
(T=500 C) for typical filter---- for the case of no soot layer,---- for the case with soot 
layer. Mach=0.02, and harmonic in time and 2-D space case. 
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Figure (27): transmission losses against frequency under the case of hot 
conditions((T=500 C)  for RC 200/12 filter type, ----- is for with soot layer,          is for 
the case of no soot layer, Mach=0.02, and harmonic in time and 2-D space case. 
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Figure (28): transmission losses against frequency under the case of hot conditions for 
RC 200/20 filter type, ----- for with soot layer,          is for the case of no soot layer, 
Mach=0.02, and harmonic in time and 2-D space case, (T=500˚ C). 
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Figure (29): transmission losses against frequency under the case of hot conditions for 
EX: 100/17 filter type, ----- for with soot layer,          is for the case of no soot layer, 
Mach=0.02, and harmonic in time and 2-D space case, (T=500 ˚C). 
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Figure (30): transmission losses against frequency under the case of hot conditions for 
EX: 200/14 filter type, ----- for with soot layer,          is for the case of no soot layer, 
Mach=0.02, and harmonic in time and 2-D space case, (T=500˚ C). 
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Figure (31): transmission losses against frequency,       for RC:200/12,-----.for 
EX80:200/14,      for EX80:100/17, and        for RC:200/20 DPF unit type under the 
case of cold conditions T=1000 C, (With soot layer), and Mach=0.02. 
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Figure (32): NRF against frequency for typical DPF under the case of hot conditions 
(T=500 C),----- (With no soot layer), and -----for the case with soot layer. Mach=0.02, 
under the case of harmonic in time and 2-D space. 
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Figure (33): Noise reduction factior against frequency for typical DPF under the case of 
hot conditions (T=1000 C),     with soot layer, and         with no soot, Mach=0.02. 
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Figure (34): Transmission losses  against frequency for typical DPF under the case of 
hot conditions :            forT=1000 C, and         for T=500 C, with soot, Mach=0.02. 
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Figure (35): TL against channel width at w=700 Hz, with soot layer, harmonic in time 
and 2-D space case, and under hot conditions.  
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Figure (36): TL against permeability at w=700 Hz, with no soot layer, time harmonic 
variation, and under hot conditions.  
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Figure (37): TL against permeability at w=700 Hz, with no soot layer, harmonic in time 
and 2-D space case, and under hot conditions.  
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Figure (38): TL against Wall thickness at w=700 Hz, with no soot layer, time harmonic 
variation, and under hot conditions.  
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                Figure (39):  pressure drop against axial velocity for typical filter. 
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Figure (40): TL against Pressure drop at w=700 Hz, with no soot layer, time variation, 
and under hot conditions. 
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Figure (41): TL against Channel/ m2 at w=700 Hz, with no soot layer, harmonic in time 
and 2-D space case, and under hot conditions. 
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Figure (42): TL against Channel/ m2 at w=700 Hz, with no soot layer, time variation, 
and  under hot conditions. 
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Figure (43): TL against porosity at w=700 Hz, with no soot layer, time variation, and 
under hot conditions. 
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Figure (44): TL against frequency, for typical filter with no soot layer, ------- for the 
case of harmonic in time and 2-D space case,                for time harmonic variation, 
M=0.02, and under hot conditions. 
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           Figure (45):  pressure drop for different types of DPF against velocity. 
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Figure (46):  Attenuation against shear number comparison ------- for the present study, 
      for Allam, under hot conditions. 
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Figure (47): phase shift against shear number comparison ------- for the present 
study,       for Allam, under hot conditions. 
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Figure (48): transmission losses against frequency for RC: 200/12 DPF unit type under 
the case of hot conditions compared with experimental studies by Allam (2006), ----for 
present study,            is for the measured values, (With no soot layer), and Mach=0.02. 
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Figure (49):  transmission losses against frequency for EX: 100/17 DPF unit type under 
the case of hot conditions compared with experimental studies[Allam (2006)], ----for 
present study, , and       is for the measured values, (With no soot layer), and 
Mach=0.02. 
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Figure (50): transmission losses against frequency for EX80: 200/14 DPF unit type 
under the case of hot conditions compared with experimental studies[Allam (2006)], ----
for present study,  ---------is for the measured values by Allam(2006), (With no soot 
layer), and Mach=0.02 
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9.3 Discussion  
 
    Figures 10 through 17 show the wave propagation constants for the two metioned 

approaches or models: the four-port model ( time harmonic variation only) and the six-

port model (harmonic in time and 2-D space variations) and under both cold and hot 

conditions. 

Figure (10) and (11) represent the real part of the wave propagation constant; Γ1, Γ2, 

Γ3, and Γ4  (which represent the attenuation) against the shear wavenumber for the case 

of time harmonic variation only (four-port model), and under the hot conditions; T=500 

˚C and T=1000 ˚C respictively. These real parts of the roots corresponding to uncoupled 

waves. From last two figures it can be noticed that as the shear wavenumber increases 

these real parts are decreased; because as the shear wavenumber increases the shear 

forces increase and the reactive and dissipative processes are increased too, because of 

the interactions between the acoustic field and the entrpopy ( diffusion of heat) and the 

vorticity field ( diffusion of shear waves); these effects are created on the boundary 

walls and that extracts energy from the acoustic waves. Due to the same reason the 

attenuation ( real part of the wave propagation constant ) is decerasing  with the increase 

in shear wave number in figures (14)  and (15) which represent the attenuation against 

the shear wavenumber; for the case of harmonic in time and 2-D space variation and 

under hot conditions T=500 ˚C and T=1000 ˚C respictively.    

Figures (12) and (13) represent the imaginary parts of these roots ( phase shift ) against 

the shear wavenumber for the case of time harmonic variation only under the hot 

conditions; T=500 ˚C and T=1000 ˚C respictively. It can be noticed that the phase shift 

decreases as the shear wavenumber increase because as the shear wavenumber increase 

more shear forces appear and this will affects by decreasing the values of wave 

propagation constant, i.e. the phase shift. These parts correspond to the coupled waves 
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that are significantly more damped than the uncoupled waves beacuase they are coupled 

and hence the resultant is their sum while for the uncoupled roots the resultant is their 

difference.  Due to the same reason the phase shift is decreasing with the increase in 

shear wavenumber in figures (16) and (17)  which represents the imaginary parts of 

these roots ( phase shift ) against the shear wavenumber for the case of harmonic in time 

and 2-D space variation under the hot conditions (T=500 ˚C) and T=1000 ˚C 

respictively.  

   Figure (18) describes the transmission losses (TL) against the frequency under the 

case of time harmonic variation only  for the typical filter with soot layer and with no 

soot layer compared with Allam(2006) under the hot conditions T=500 ˚C and T=1000 

˚C. As shown in this figure the transmission losses are increased with frequency 

because transmission losses are proportional to frequency, this is obvious from the final 

mathematical relationship – equation (8.30), and as the frequency increases it means 

more disturbance and hence, the capacity of the DPF filter is increasing and so more 

acoustic energy absorption and more transmission losses. By comparing TL of the 

proposed study with that presented by Allam (2006): it can be noticed that there is an 

improvement in the proposed study. The reason that TL values for the proposed study 

are higher than those presented in Allam (2006) is that the proposed  study deals with 

the flow of gases emission as a 2-D flow and so the flow in the transverse direction ( y-

direction)  is not negligible as in last studies, hence TL can be of a noticeable value in 

the transverse direction. At high frequencies it can be noticed that there is a good 

agreement between the two studies and the behaviour is the same and the values are 

converged; this is because the systems at high frequencies become more stable.  

 Figures (19) through (22)  describes TL for the typical filter with soot layer compared 

with that of Allam (2006) at Mach =0.02. It can be noticed from the figure that there is a 
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good agreement in the behavior of the two studies, but the TL for the proposed study is 

higher than that of Allam (2006) because it takes into accounts the effect of transverse 

velocity, but a more agreement at high frequencies is achieved because the systems at 

high frequencies become more stable and the sound propagation becomes isothermal at 

high frequencies.  

  Figures (19) through (22) represent TL of different types of DPF unit with no soot 

layer, compared with results given by Allam (2006), under the case of hot condition and 

time harmonic variation only,  and it can be noticed from these figures that there is a 

good agreement in the behavior of TL against the frequency between the two studies; 

the present and that of Allam, but there is some improvement for the proposed study 

because the present study is taking into account the effect of transverse velocity. Hence, 

more acoustic transmission losses and more noise reduction.   

 Figure (23) represents the TL of different types of DPF against frequency with soot 

layer, it can be noticed that EX80:200/14 DPF type has a good property in transmission 

losses, but EX80:100/17 DPF type has less ability to do this. Because EX80: 200/14 has 

a good properties and suitable dimensions compared with other DPF types; include low 

channel width, low permeability, high wall thickness, low porosity, and making high 

pressure drop.  

Figure (24) shows noise reduction factor (NRF) against frequency for typical DPF unit, 

with soot and with no soot layer, it can be noticed from the figure  that the noise 

reduction is proportional to frequency since it is proportional to transmission losses as 

shown in equation (5.41). From last figure it can be noticed that the values of  noise 

reduction factor in the case of soot layer is higher than those of with no soot layer 

because the soot layer represents a new absorber for sound waves and hence, more 

transmission losses and noise reduction.     
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 Figures (25) through (30)  show the TL versus frequency for the typical DPF unit and 

other types  under hot condition, time harmonic variation only  and  harmonic in time 

and 2-D space cases; with soot layer and with no soot layer, and M=0.02. From last 

figures it can be noticed that the transmission losses with the existence of soot layer are 

higher than those with no soot layer for the above mentioned reasons.  

Figure  (31) represents the transmission losses for different types of DPF unit against 

frequency, at T=1000 ˚C, from figure it can be noticed that EX80:200/14 DPF type has 

the best property to make transmission losses, but EX80:100/17 DPF type has the 

lowest property  to do this, because EX80:200/14 DPF unit has a good specifications 

and diminssions ( properties) which give it the ability to make more transmission losses 

and noise reduction. 

Figure (32) and (33) represent the relation between noise reduction factot and the 

frequency under the case of hot conditions T=500 C, and T=1000 C respictively, with 

soot layer  and with no soot layer, from figures it can be seen that noise reduction values 

for the case of with soot layer are higher than that of with no soot layer for the reasons 

mentioned above. 

Figure (34) comparing between values of transmission losses at two operating 

temperatures: 500 ˚C and 1000 ˚C, it can be noticed that the temperature plays a 

significant role which affecting transmission loss and hence, noise reduction. The figure 

shows that transmission losses increase as the temperature increases, since values of 

these two quantities (TL and NRF) are increasing as the temperature becomes higher. 

The reason for this is that as the temperature increase the regeneration of the filter 

becomes fast and more efficient. Hence, a new soot layer is loaded, therefore more 

transmission losses in sound waves and more noise reduction is occured.  
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 Figure (35) relate TL to channel width of the DPF unit for the case of harmonic in time 

and in 2-D space (under hot condition), it can be noticed that as the channel width 

increases the TL decreases, because space inside the DPF unit becomes larger, so sound 

absorption by channels decreases and hence TL decreases. 

Figure (36) and (37) relate TL to permeability of the DPF unit in both cases time 

variation only ( under hot conditions) and for the case of harmonic in time and in 2-D 

space ( under hot condition, w=700 Hz) respectively, it can be noticed that as the 

permeability increases the TL decreases, because as the permeability increases sound 

absorption by walls between channels decreases but more gases reduction.  

Figure (38) shows that as the wall thickness of the channel increases TL increase 

because the filter becomes more solid and hence it absorbs or prevents more sound 

waves and so TL increase.  

Figure (39) represents the relation between pressure drop along the typical DPF unit and 

the axial velocity, and it can be noticed that as the velocity increases pressure drop also 

increase ( as the velocity increase pressure decrease). At the same time, as the pressure 

drop increases TL for the typical filter decreases, as shown in figure (40) the reason 

beyond this is that as the pressure drop increases –hence velocity of gases emission flow 

increase- time for flow to be go through the porous walls decreases, so TL decrease. 

 Figure (41) and (42) represent the relation between TL and number of channels per 

square meter at no soot layer, under hot conditions (w=700Hz), for the case of harmonic 

in time and in 2-D space and time harmonic variation only respectively. From last two 

figures TL decreases as channels/m2 increases, because as the number of channels 

increases the DPF becomes as a hollow cylinder and so noise reduction becomes less so 

TL decreases. At the same time as the number of channels increases, the DPF unit 

porosity also increases and so TL will decrease as shown in figure (43).  
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Figure (44) comparing between values of TL for the typical filter under hot conditions 

in both cases time harmonic variation only and for the case of harmonic in time and in 

2-D space. From this figure it can be noticed that TL for the case of harmonic in time 

and in 2-D space (six-port model) are higher than that of time harmonic variation (four-

port model), i.e. an improvement at this stage is achieved. The reason behind this is that 

the six-port taking into account more the effects of the interferring between channels 

and hence, more losses for the acoustic transmission is appeared.  

 Figure (45) represents pressure drop versus the axial velocity of gases flow through the 

different types of DPF unit, from figure it can be noticed that ΔP for EX80: 200/14 DPF 

unit type is higher than other types, for RC: 200/14 it is the lowest. But at low velocities 

it can be noticed that EX80: 200/14 DPF unit type has the lowest pressure drop, hence it 

has a maximum values of transmission losses.  

In figure (46) and (47) there are a comparison between values of attenuation and phase 

shift against shear wavenumber, under hot conditions with no soot layer  for the 

presented study and previous study made by Allam (2006), from figures it can be 

noticed that both attenuation and phase shift values determined by Allam have higher 

values than the presented study, the main reason for this is that the last studies treated 

the problem as a 1-D model, by neglecting the transverse velocity so waves attenuation 

and phase shift are more than the presented study which takes into account the effect of 

transverse velocity (2-D model) since the presented studys transmission losses values 

are higher than that of Allam(2006). To make verification for the new model a 

comparison is made between values of TL for different types of DPF units of the 

presented study with those of the experimental values presented by Allam (2006) and 

Allam (2005). 
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 Figure (48) through figure (50) represent a comparison between values of transmission 

losses of the new presented model (at the case of time harmonic variation only ) and 

experimental values of TL presented by Allam(2006). It can be noticed that TL for the 

presented study is higher in some cases than the experimental by about 1-2.5 dB, in 

some other cases there is a good agreement between them (0.05 dB difference) as can 

be noticed from figure (50).  

Figures (54) through (75) represent numerical  solution or results for the laminar flow in 

porous media (DPF unit), the figures represent the model, temperature distributions and 

profiles, axial and transverse velocities distributions and profiles, pressure distributions 

and wall shear at both conditions cold (T=293ºK) and hot (T=773ºK, and T=1000 ˚C).  

Figure (54) represents the 2-D  finite element model for exhaust gasses flowing through 

porous media (the DPF unit), the figure shows a porous DPF unit as a mishing pipe. 

Figure (55) shows the rate of change of VX, VY, and pressure for the gas flow through 

the DPF unit at cold conditions, from this figure it can be noticed that all  of these 

quantities decrease with the accumulative iteration number, i. e. with time and flow 

progress. This is a natural result since pressure and velocity of gasses emission are 

decreasing as the flow go through the filter, hence a pressure drop will occur,and also 

the velocity of flow gases is decreased as the flow is in progresse.  

 Figure (56) represents the axial velocity variation profile for gasses emission through 

the porous media in the radial coordinate under cold conditions, the figure shows that 

there are fluctuations in the axial velocityvariation  with the continuity of gasses flow, 

because the porous DPF unit has variable nature i.e. sometimes rigid edges, pores, and 

other variable situations, so the velocity will change from place to place and from time 

to time.     
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Figure (57) represents outlet temperature variation profile for gasses emission through 

the porous media in the radial coordinate under cold conditions, the figure shows that 

there are fluctuations in the outlet temperature with the continuity of gasses flow 

because of the nature of porous media.  

The nodal solution for axial velocity distribution at cold conditions is shown in figure 

(58), from figure it can be noticed that the axial velocity increases transversly over the 

tube because gasese flow through the pores which considered as nozzles which increses 

the outlet velocity, while the transverse velocity distribution, VY, under cold conditions, 

is shown in figure (59), and from this figure it can be noticed that the transverse velocity 

values are changed and not constant depending on the nature of porous material but the 

variation is very small. From last two figures it can be seen that these velocities has 

different values from place to another one inside the DPF unit, because as mentioned 

above that the DPF unit has a variable nature. 

 Figure (60) represents the pressure distribution through the porous media (DPF) unit 

under cold conditions,from this figure it can be noticed that the pressure decreases down 

the pipe from inlet to outlet and this creats the pressure drop, while the total pressure 

change across the porous media can be noticed in figure (61) axially and transversly, 

from last figure it can be noticed that the total pressure is increased transversly because 

the sound pressure increases by some purturbition values. From last two figures it can 

be seen that a pressure drop for the flow through porous media will occur because of the 

collisions and interactions between the flow gasses and DPF channels and other 

component, and a back pressure will develop.   

Wall shear for DPF unit is represented in figure (62) under cold conditions. Wall shear 

has a high value beside the walls and this value decreases rapidly far away from these 

walls because the shear forces has a higher values near the walls. Temperature 
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distributions through the porous media under cold conditions are represented in figure 

(63). From  last it is clear that the temperature decreases as the flow continued because 

the heat dissipated through the porous media and it will be either lose or dissipated by 

convection,radiation, or conduction. Figure (64) represents the rate of change of VX, 

VY, and Pressure for the gas flow through the porous media under hot conditions, and it 

can be noticed from figure that all these quantities suffer of depression with time of 

flow and this is a natural results because velocities, pressure and temperature decreases 

as the gasses flow through the porous media. 

Figure (65) shows the axial velocity variation profile for gasses emission through the 

DPF unit under hot conditions, and a big fluctuations can be noticed for axial velocity 

for the flow through the porous media, this fluctuation is resulted from the variation in 

axial velocity values as the gases in flow because of the change in nature of the porous 

media. Figure (66) represents the outlet temperature profile for exhaust gasses emission 

at hot conditions. From last two figures it can be noticed that both axial velocity and 

outlet temperature are decreases as the gasses flow is continued, but axial velocity 

fluctuation is more.  

Figure (67) shows the nodal solution for axial velocity distribution under hot conditions, 

from figure it can be noticed that the axial velocity increases transversly over the tube 

because gasese flow through the pores which considered as nozzles which increses the 

outlet velocity. Figure (68) shows the nodal solution for transverse velocity distribution 

under hot conditions, and from this figure it can be noticed that the transverse velocity 

values are changed and not constant depending on the nature of porous material but the 

variation is very small. From last two figures it can be seen that these velocities has 

different values from place to another one inside the DPF unit, because as mentioned 

above that the DPF unit has a variable nature. 
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 Figure (69) represents the pressure distribution through the porous media under hot 

conditions, from this figure it can be noticed that the pressure decreases down the pipe 

from inlet to outlet and this creats the pressure drop.   

The nodal solution for temperature distribution under hot conditions can be noticed in 

figure (70), From  last it is clear that the temperature decreases as the flow continued 

because the heat dissipated through the porous media and it will be either lose or 

dissipated by convection,radiation, or conduction. Figure (71) represents the total 

pressure change across the porous media at hot conditions, from last figure it can be 

noticed that the total pressure is increased transversly because the sound pressure 

increases by some purturbition values. 

 Figure (72) shows the vector solution for velocity of gases flow through porous media 

under hot conditions. From last figure it can be noticed that the velocity values are 

increased transversly through the porous pipe because the pores works as a nozzels 

which increases the velocity. 

 Figure (73) represented the wall shear stress distributions under hot conditions. From 

last figure it can be noticed that the wall shear values near the wall is higher than that 

farther than because shear forces near walls are higher.   Figure (74) shows the axial 

velocity distributions under hot conditions. From figure it can be noticed that the axial 

velocity increases transversly over the tube because gasese flow through the pores 

which considered as nozzles which increses the outlet velocity. 

 Figure (75) represents the temperature distributions for gasses flow through porous 

media under hot conditions. It can be noticed that the temperature distribution decreases 

transversly because the heat dissipated through the porous media and it will be either 

lose or dissipated by convection,radiation, or conduction.and hence, the temperature 

decreases. As shown in last figures in which the results of the two acoustic models are 
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represented and under both hot and cold conditions, the new models are in a very good 

agreement with the previous theoretical and experimental data.  
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 Chapter 10 
 

Conclusions and Recommendations 
 

10.1 Conclusions  
 
Two-dimensional acoustic models have been built to study the sound propagation in 

DPF unit under two cases, under the first case, the parameters: pressure, temperature, 

density, and velocities were considered to be time harmonic variables, which gave a 

modified four-port (2-D) acoustic model. The solution of eigenvalue problem of this 

model gave four roots, then transmission losses have been calculated and a good 

agreement and an improvement were achieved over the preceding studies. Secondly the 

parameters are assumed to be harmonic in time and in 2-D space, at this stage a six-port 

acoustic model has been invented since six roots and six corresponding eigenvectors are 

resulted. The main conclusions of this work can be summarized as follows: 

-Waves propagate through the DPF unit suffer from both attenuation and phase shift, 

and both of these factors damped as shear wave number increases. 

- Both transmission losses and noise reduction factor for the diesel particulate filters are 

increasing as frequency increases. 

- Transmission losses at the case of existing soot layer are higher than those with no 

soot layer. 

- EX80:200/14 DPF unit type has the best capability of transmission losses, while 

EX80:100/17 DPF type has the lowest capability. 

- Transmission losses and NRF are proportional to frequency, and wall thickness.  

-  Transmission losses and NRF are not proportional to porosity, number of channels per 

square meter, pressure drop, permeability, and channel width.  

- Transmission losses for the case of six-port model have higher values than those of 

four-port model at the same conditions. 
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- There is a good agreement between theoretical values of TL of the present study with 

those available in the literature and also with experimental one.   

-The temperature has a significant effect on both transmission losses and noise 

reduction factor, as the temperature increase both of these quantities are increase.  

10.2 Recommendations 
 
For future work it is recommended to extend the problem in 3-D problem, further taking 

into accounts the non-linearity of the problem, and chemical reactions. It’s 

recommended to study experimentally the effect of DPF location on the reduction of 

both combustion products and noise.   
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Appendix A 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
a 
 
 

 
b 
 

Figure (51a, b): some DPF types and designs, ( source: DCL  international Inc.)  
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Figure (52):  DPF unit, ( source: www.meca.com). 
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                       Figure (53):  some DPF styles, (source: www.meca.com). 
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Appendix B 
 
-Numerical values* 
 

1) Typical  filter 
    

Table (B1) Numerical values for typical filter 
 

 
 
Diameter/length     channels/m2     channels width   wall thickness    wall permeability                                                    
        mm                         n x 10-5               mm                      mm               
 
                                                               dh x 103m            ht x 104m       σw  x  1013 m2                                    
 
    150/250                     3.10                     1.44                   3.55                 2.5 
 
 
 
 

2) For different types of filters 
 
 

Table (B2) Numerical values for different types of DPF units 
 
 
Filter name     channels/m2    channels width   wall thickness   wall permeability     R1                                                       
                           n x 10-5            dh x 103m        ht x 104m          σw  x  1013 m2                 
 
 RC: 200/12          3.87               1.5                  3.04                     25                      87.1                                                 
RC: 200/20          2.48                1.3                 5.04                      25                     233.3 
EX80: 100/17      1.55               2.11                4.3                       2.5                     199.8 
 EX80: 200/14      3.10               1.44                3.55                     2.5                     184.1 
                                                                                                
 
*Source: Dokumaci (2001), Allam (2002), Allam (2005), and Allam (2006). 
 
 
 
 
 
 
 
 
 
 
 
 

R2 

29.2 
41.56 
30.92 
39.2 
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3) Other constants* 
 
 

                                          Table (B3)  
  

Quantity value 

 
γ 
 
ρ0 
 
a j 
 
R 
 
l 
 
Kth 
 
Cpj 
 
C 
 

m in = m out 

 
1.4 
 
0.35 Kg/m3 
 
0.0015 m 
 
287 J/Kg.K 
 
0.11 m 
 
0.0674 W/m. K 
 
1141J/Kg.K 
 
343.3 m/s 
 
0.51 

 
 
*Source: Dokumaci (2001), Allam (2002), Allam (2005), and Allam (2006). 
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Appendix C 
Numerical solution for laminar flow in porous media 

 
 

          

Figure (54):  2-D model for a porous media pipe under cold conditions. 
 

                 
            
              Figure (55):  VX, VY, and Pressure rate of change for the gas flow through    

porous media under cold conditions. 
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Figure (56):  axial velocity profile for gases emission through the porous   
media under cold conditions. 

 
 

                 
                 
              Figure (57): temperature variation profile for gases emission through the 

porous media under cold conditions. 
 
 
 

 
 

 

 

A
ll 

R
ig

ht
s 

R
es

er
ve

d 
- 

L
ib

ra
ry

 o
f 

U
ni

ve
rs

ity
 o

f 
Jo

rd
an

 -
 C

en
te

r 
 o

f 
T

he
si

s 
D

ep
os

it



www.manaraa.com

 124 

 
                   

 
 
               Figure (58):  nodal solution for axial velocity under cold conditions. 
 

               
 
 
              Figure (59):  transverse velocity VY distribution at cold conditions. 
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        Figure (60):  pressure distribution through the porous media under cold conditions. 
               
             
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
             Figure (61): total pressure change across the porous media under cold 

conditions. 
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           Figure (62):  wall shear for the porous media under cold conditions. 
 

           
 
          Figure (63): temperature distributions through porous media under cold 

conditions. 
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            Figure (64):  VX, VY, and Pressure rate of change for the gas flow through 

porous media under hot conditions. 
 
                      

            
 
           Figure (65):  axial velocity profile for gases emission through the porous media 

under hot conditions. 
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      Figure (66):  outlet temperature profile for gases emission through the porous media 

under hot conditions. 
 
 

          
 
          Figure (67):  nodal solution for axial velocity under hot conditions. 
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         Figure (68):  nodal solution for transverse velocity under hot conditions 

(T=773ºK). 
 
 

         
 
        Figure (69):  pressure distribution through the porous media under hot conditions. 
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        Figure (70):  nodal solution for temperature distribution under hot conditions. 
 
 

         
 
        Figure (71): total pressure change across the porous media under hot conditions. 
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        Figure (72):  vector solution for velocity under hot conditions. 
 
 
 

        
 

       Figure (73): wall shear stress distributions under hot conditions. 
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        Figure (74):  axial velocity under hot conditions distributions. 
 
 
 

       
 
      Figure (75): temperature distributions under hot conditions. 
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Appendix D 
 

Some of  programming Commands ( code) 
 

- Commands ( code): 
 
****************************         21:01:55    07/16/2006 
/input,menust,tmp     ,,,,,,,,,,,,,,,,,1 
/GRA,POWER 
/GST,ON 
/title, laminar flow in porous media 
SMRT,OFF 
ET,1  
MP,EX,1,50E9           ! DEFINE MATERIAL PROPERTIES 
MP,DENS,1,1.8E3       ! DEFINE DENSITY 
MP,NUXY,1,0.10             ! DEFINE NUXY  
MP,MU,1,0.35         
MP,KXX,1,15         
MP,ALPX,1,3.9E-6  
MP,SPH,1,1250               
MSHK,1   
MSHA,0,2D    
PI=ACOS(-1)  
L=0.25   
R=0.075  
PIN=1.0  
TIN=773  
QW=5000  
RHO=0.35 
MU=4.15E-5   
K=0.0674 
CP=1141  
RECTNG,,L,,R 
LSEL,S,,,2,4,2   
LESIZE,ALL,,,12,-4   
LSEL,INVE    
LESIZE,ALL,,,100,-4  
ALLSEL   
VSEL,ALL 
ASEL,ALL 
LSEL,ALL 
KSEL,ALL 
ESEL,ALL 
NSEL,ALL 
AMESH,1  
LSEL,S,,,3   
NSLL,S,1 
D,ALL,VX 
D,ALL,VY 
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SF,ALL,HFLUX,QW  
LSEL,S,,,1   
NSLL,S,1 
D,ALL,VY 
LSEL,S,,,4   
NSLL,S,1 
D,ALL,VY 
D,ALL,PRES,PIN   
D,ALL,TEMP,TIN   
LSEL,S,,,2   
NSLL,S,1 
D,ALL,VY 
D,ALL,PRES   
ALLSEL   
VSEL,ALL 
ASEL,ALL 
LSEL,ALL 
KSEL,ALL 
ESEL,ALL 
NSEL,ALL 
FINISH   
/SOLU    
FLDATA,ITER,EXEC,300 
FLDATA,ITER,CHEC,10  
FLDATA,TEMP,NOMI,TIN 
FLDATA,NOMI,DENS,RHO 
FLDATA,NOMI,VISC,MU  
FLDATA,NOMI,COND,K   
FLDATA,NOMI,SPHT,CP  
FLDATA,OUTP,TAUW,T   
SAVE 
SOLVE    
/BATCH   
******************    UP19970828         21:28:19    07/16/2006 
/input,menust,tmp     ,,,,,,,,,,,,,,,,,1 
/GRA,POWER 
/GST,ON 
/FILNAM,LAMINAR FLOW IN POROUS MEDIA 
/TITLE,LAMINAR FLOW IN POROUS MEDIA  
/PREP7   
SMART,OFF    
ET,1,FLUID141,,,2    
MSHK,1   
MSHA,0,2D    
PI=ACOS(-1)  
L=0.25   
R=0.075  
PIN=1    
TIN=773  
QW=5000  
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RHO=0.35 
MU=4.15E-5   
K=0.0674 
CP=1141  
RECTNG,,L,,R 
LSEL,S,,2,4,2    
LSEL,S,,,2,4,2   
LESIZE,ALL,,,12,-4   
LSEL,INVE    
LESIZE,ALL,,,100,-4  
ALLSEL   
VSEL,ALL 
ASEL,ALL 
LSEL,ALL 
KSEL,ALL 
ESEL,ALL 
NSEL,ALL 
AMESH,1  
LSEL,S,,,3   
NSLL,S,1 
D,ALL,VX 
D,ALL,VY 
SF,ALL,HFLUX,QW  
LSEL,S,,,1   
NSLL,S,1 
D,ALL,VY 
LSEL,S,,,4   
NSLL,S,1 
D,ALL,VY 
D,ALL,PRES,PIN   
D,ALL,TEMP,TIN   
LSEL,S,,,2   
NSLL,S,1 
D,ALL,VY 
D,ALL,PRES   
ALLSEL   
VSEL,ALL 
ASEL,ALL 
LSEL,ALL 
KSEL,ALL 
ESEL,ALL 
NSEL,ALL 
FINISH   
/DOLU    
! /DOLU  
/SOLU    
FLDATA,ITER,EXEC,300 
FLDATA,ITER,CHEC,10  
FLDATA,TEMP,NOMI,TIN 
FLDATA,NOMI,DENS,RHO 

A
ll 

R
ig

ht
s 

R
es

er
ve

d 
- 

L
ib

ra
ry

 o
f 

U
ni

ve
rs

ity
 o

f 
Jo

rd
an

 -
 C

en
te

r 
 o

f 
T

he
si

s 
D

ep
os

it



www.manaraa.com

 136 

FLDATA,NOMI,VISC,MU  
FLDATA,NOMI,COND,K   
FLDATA,NOMI,SPHT,CP  
FLDATA,OUTP,TAUW,T   
SAVE 
SOLVE    
SOLVE    
FLDATA,ITER,EXEC,50  
FLDATA,SOLU,TEMP,T   
FLDATA,SOLU,FLOW,F   
FLDATA,RELX,TEMP,1.0 
SOLVE    
FINISH   
/POST1   
/DEVICE,VECTOR,ON    
SET,LAST 
/RATIO,,,10  
EPLOT    
/EDGE    
/EDGE,1,1    
/CONTOUR,1,27    
/TITLE,CONTOURS OF AXIAL VELOCITY    
PLNSOL,VX    
VXC=VX(2)    
PATH,PIPE,2,,48  
PPATH,1,,L,0,0   
PPATH,2,,L,R,0   
PDEF,VX,VY   
PDEF,TEMP,TEMP   
PCALC,MULT,PROD1,VX,S    
PCALC,INTG,VXM,PROD1,S,2/R**2    
*GET,VXM,PATH,,LAST,VXM  
MDOT=RHO*VXM*PI*R**2 
/TITLE,CONTOURS OF WALL SHEAR STRESS 
PLNSOL,TAUW  
*GET,TAU,PLNSOL,,MAX 
PCALC,MULT,PROD2,VX,TEMP 
PCALC,MULT,PROD3,PROD2,S 
PCALC,INTG,TM,PROD3,S,2/VXM/R**2 
*GET,TM_0,PATH,,LAST,TM  
/TITLE,CONTOURS OF TEMPERATURE   
PLNSOL,TEMP  
*GET,TW_0,PLNSOL,,MAX    
TC_0=TEMP(2) 
*STATUS  
/RATIO   
/TITLE,AXIAL VELOCITY PROFILE    
/AXIAL X,RADIAL CORRDINATE,  
! /AXIAL X,RADIAL CORRDINATE,    
/AXIAL,X,RADIAL CORRDINATE   
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! /AXIAL,X,RADIAL CORRDINATE 
/AXLAB,X,RADIAL CORRDINATE   
/AXLAB,Y,VELOCITY, (M/SEC)   
/DEVICE,RASTOR,ON    
PLPATH,VX    
/TITLE,OUTLET TEMPERATURE PROFILE, T 
/AXLAB,Y,TEMPERATURE, (K)    
PLPATH,TEMP  
PLPATH,TEMP  
FINISH   
/POST1   
PLNSOL,V,X,0,    
/TITLE, VX   
PLNSOL,V,X,0,    
PLNSOL,V,X,0,    
/TITLE,VY    
PLNSOL,V,Y,0,    
PLNSOL,V,Y,0,    
/TITLE,PRESSURE  
PLNSOL,PRES, ,0, 
PLNSOL,PRES, ,0, 
/TITLE,TEMPERATURE DIST. 
PLNSOL,TEMP, ,0, 
PLNSOL,DENS, ,0, 
PLESOL,CENT,X,0, 
PLESOL,CENT,Y,0, 
PLESOL,CENT,Z,0, 
PLTRAC,FLUID,TEMP,, , , , , ,0   
PLTRAC,FLUID,V,X, , , , , ,0 
PLTRAC,FLUID,PRES,, , , , , ,0   
PLTRAC,FLUID,TEMP,, , , , , ,0   
PLNSOL,TAUW, ,0, 
PLNSOL,PTOT, ,0, 
/TITLE,TOTALPRESSURE 
PLNSOL,PTOT, ,0, 
PLNSOL,TTOT, ,0, 
PLNSOL,MACH, ,0, 
PLNSOL,HFLM, ,0, 
PLNSOL,EVIS, ,0, 
PLPAGM, ,1,'NODE'    
PLNSOL,STRM, ,0, 
PLNSOL,STRM, ,1, 
PLNSOL,STRM, ,0, 
PLNSOL,MACH, ,1, 
PLESOL,CENT,Z,1, 
PLNSOL,TTOT, ,1, 
/POST26  
FINISH   
/POST26  
/SOLU    
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FINISH   
/SOLU    
SOLVE    
/POST1   
FINISH   
/POST1   
PLTRAC,FLUID,TEMP,, , , , , ,0   
PLNSOL,TEMP, ,1, 
PLNSOL,V,X,1,    
PLNSOL,V,Y,1,    
PLNSOL,V,SUM,1,  
PLETAB, ,NOAV    
PLPATH,  
!*   
/VSCALE,1,1,0    
!    
!*   
PLVECT,V, , , ,VECT,ELEM,ON,0    
/TITLE VELOCITY VECTORS  
!*   
/VSCALE,1,1,0    
!    
!*   
PLVECT,V, , , ,VECT,ELEM,ON,0    
PLVECT, , , , ,VECT,NODE 
!*   
/VSCALE,1,1,0    
!    
!*   
PLVECT,V, , , ,RAST,ELEM,ON,0    
!*   
/VSCALE,1,1,0    
!    
!*   
PLVECT,V, , , ,RAST,NODE,ON,0    
!*   
/VSCALE,1,1,1    
!    
!*   
PLVECT,V, , , ,RAST,NODE,ON,0    
PLPAGM, ,1,Blank 
PLNSOL,ENKE, ,1, 
PLNSOL,ENDS, ,1, 
PLNSOL,TEMP, ,1, 
PLNSOL,SPHT, ,1, 
PLNSOL,EVIS, ,1, 
PLNSOL,PCOE, ,1, 
PLESOL,CENT,X,1, 
PLESOL,CENT,Y,1, 
PLTRAC,FLUID,V,X, , , , , ,0 
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PLNSOL,V,X,1,    
PLNSOL,V,Y,1,    
PLNSOL,V,Z,1,    
PLNSOL,PRES, ,1, 
PLNSOL,PRES, ,0, 
PLNSOL,PRES, ,2, 
PLNSOL,V,X,2,    
PLESOL,CENT,Y,0, 
PLNSOL,PRES, ,2, 
PLNSOL,ENKE, ,2, 
PLNSOL,ENDS, ,0, 
/AUX12   
FINISH   
/AUX12   
/POST1   
PLNSOL,TEMP, ,1, 
PLNSOL,TEMP, ,2, 
PLETAB, ,AVG 
PLNSOL,TTOT, ,2, 
PLNSOL,TTOT, ,0, 
TRTIME,0,0, ,0,0,    
/SOLU    
FINISH   
/SOLU    
/POST1   
FINISH   
/POST1   
!*   
RSYS,0   
AVRES,2  
AVPRIN,0 
!*   
SET,LIST,2   
SET,LIST,2   
PLNSOL,PRES, ,0, 
PLNSOL,ENKE, ,0, 
PLNSOL,ENDS, ,0, 
PLNSOL,TEMP, ,0, 
PLESOL,CENT,Z,0, 
PLESOL,CENT,Y,0, 
PLESOL,CENT,X,0, 
PLESOL,CENT,X,0, 
PLNSOL,TEMP, ,0, 
PLESOL,CENT,Y,0, 
PLNSOL,PRES, ,0, 
!*   
/VSCALE,1,1,1    
!    
!*   
PLVECT,V, , , ,RAST,ELEM,ON,0    
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PLTRAC,FLUID,TEMP,, , , , , ,0   
PLPATH,  
FLREAD, ,rsf, ,,,,   
PLNSOL,TEMP, ,0, 
/TITLE,TEMPERATURE PROFILE   
/AXLAB,Y,TEMPERATURE, (K)    
PLPATH,TEMP  
PLNSOL,TEMP, ,0, 
PLPATH,TEMP  
PATH,PIPE,2,,48  
PPATH,1,,L,0,0   
PPATH,2,,L,R,0   
PDEF,VX,VX   
PDEF,TEMP,TEMP   
PLPATH,TEMP  
/TITLE, OUTLET TEMP PROFILE  
/AXLAB,X,RADIAL COORDINATE   
/AXLAB,Y, TEMPERATURE, (K)   
PLPATH,TEMP 
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Appendix E 
Cleaning and regeneration unit of DPFs 

 
 

 
 
 
 

                           

Figure (76):  diesel particulate filter cleaning unit, ( source: www.meca.com). 
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 انتشار الصوت في المواد المسامیة مع تطبیقات على فلتر الدیزل الحبیبي

 
 إعداد 

مقبل فیاض" محمد علي " صایل  
 

 المشرف الرئیسي
 

محمد احمد حمدان. د.ا  
 

 المشرف المساعد
 

محمد نادر حمدان. د.ا  
 

 الملخص
 

  حبیبي’لصوت في فلتر دیزل   لانتشار اD-2)( ثنائي الأبعاد ایقدم ھذا العمل نموذج                 
. (Diesel Particulate Filter)         ،لقد تم بن اء ھ ذا النم وذج باس تخدام معادل ة ن افیر س توكس

معادلة الطاقة، معادلة الاستمراریة، و بمساعدة كل من معادلة دارسي للمواد الم سامیة و ق انون           
  .الحالة في الغازات المثالیة

 و ل م ی تم ح  ذفھا كم ا ف  ي    transverse velocity)(عمودی ة لق د ت م الإبق  اء ھن ا عل ى ال  سرعة ال    
  . بشكل جزئيالدراسات السابقة كذلك تم التعامل مع الفلتر كمادة مسامیة

لقد تم في المرحلة الأولى اعتبار كل من درجة الحرارة، الضغط، الكثافة، السرعة الأفقیة،          
، ثم تم اشتقاق (Time Harmonic Variation) مع الزمن فقطتو السرعة العمودیة متغیرا

 تعویض المشتقات في المعادلات الأساسیة السابقة الذكر،  تمو من ثم .ھذه الكمیات بالنسبة للزمن
، ثم تم افتراض حلول (plane)حیث تم الحصول على معادلات تفاضلیة مشتقة بالنسبة للمستوى 

 ت م  (Fourier sinus series)الجیبیةمناسبة لھا بدلالة المستویات و بمساعدة سلاسل فورییر 
و تم الحصول على معادلة نھائیة من الدرجة الرابعة ت م حلھ ا و ت م الح صول        . حل ھذه المعادلات  

 لذلك  مرافقةو لھذه الجذور الأربعة أربعة متجھات  ) Γ(على أربعة جذور لثابت الانتشار ألموجي     
في المرحلة الثانیة من . (Four-port model )تم تسمیة ھذا النموذج بنموذج الأبواب الأربعة

  و الف  راغ أو الم  ستوى  ھ  ذه الدراس  ة ت  م اعتب  ار الكمی  ات ال  سابقة متغی  رة م  ع ك  ل م  ن ال  زمن          
(Harmonic in time and in 2-D space)     م ع إھم ال البع د الثال ث (Z-direction) و

ھا ستة جذور، لھذه بنفس الطریقة في المرحلة الأولى تم الحصول على معادلة تم حلھا و نتج عن
الجذور ستة متجھات لذلك ت م ھن ا اكت شاف نم وذج جدی د لوص ف ال سلوك ال صوتي لفلت ر ال دیزل              

 إن الأھداف الرئیسیة لھذه .(Six-Port Model)الحبیبي تم تسمیتھ بالنموذج ذوالابواب الستة
د  الانت   شار ألم   وجي ال   ذي یت   ضمن ك   ل م   ن التخام     ثاب   تالدراس   ة ق   د ت   ضمنت إیج   اد ك   ل م   ن  

، ح  ساب مق  دار ال  ضیاع ف  ي   (Phase shift) و الانح  راف ألم  وجي (Attenuation)ألم  وجي
، معرف ة مق دار   (Transmission Losses)الانتشار ألموجي خ لال م سیر الموج ة داخ ل الفلت ر     

، المقارن ة ب ین الأن واع المختلف ة لھ ذا      (Noise Reduction Factor)تخفیض الفلتر للإزع اج 
لقی  ام بعملی  ة تقلی  ل الإزع  اج وت  ضییعھ، و معرف  ة ت  أثیر ك  ل م  ن النفاذی  ة     الفلت  ر و ق  درتھا عل  ى ا 
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Porosity)(    و السماحیةpermeability) (       و أبعاد الفلتر و مواصفاتھ على قدرت ھ و كفاءت ھ .
 Allam)لق د ت م مقارن ة النت ائج الحالی ة بنت ائج الدراس ات ال سابقة خاص ة م ا ح صل علی ھ ع لام             

 وت م   الت ي ق ام بھ ا ع لام    Experimental works)(ات العملی ة و كذلك م ع الدراس    ) ((2006)
ملاحظ  ة أن النت  ائج الحالی  ة أف  ضل م  ن ال  سابقة و أن التط  ابق كبی  ر ب  ین ھ  ذه النت  ائج و النت  ائج      

ف انت شار الأم واج     ثن ائي الابع اد   لقد تضمنت ھذه الدراسة تولید نموذج  . السابقة و العملیة    لوص 
 Six-port) .  نم وذج الأب واب ال ستة   ت م ت سمیتھ   DPF unit)(ال صوتیة ف ي الم واد الم سامیة    

model) كما تم في ھذه الدراسة القیام بحل عددي )Numerical Solution ( لجریان الغازات
ف  ي م  ادة م  سامیة باس  تخدام برن  امج مناس  ب  و ق  د ت  م إیج  اد س  لوك ك  ل م  ن ال  سرعة الأفقی  ة،          

داخل المادة المسامیة الت ي تمث ل ف ي الواق ع     العمودیة، توزیع الضغط و درجات الحرارة للجریان   
  .    فلتر الدیزل الحبیبي
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