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Effect of porous media properties on the sound propagation and
transmission losses through such materials and consequently on the noise
reduction facto has been studied with the application to diesel particulate
filters. Many types of porous diesel particulate filters with different
properties and specifications are studied and compared to verify their
ability in transmission losses and noise reduction on the exhaust pipe
system. It is found that the engineering geometry of diesel particulate
filter and porous media properties such as channel width, porous
porosity, wall thickness, number of channels and the pressure drop
through the porous media has a significant effect on the transmission
losses.
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INTRODUCTION

Porous media properties are varying from one porous to another. Some of these are
affecting both of the behavior of the diesel particulate filter (DPF) unit and
consequently affecting its transmission losses (TL).

Porous media porosity is defined as the ratio of the pore volume V, to the
total volume V; of the body considered. The solid volume V; is given by V=V, - V,.
Hence, it suffices to measure two of these three parameters to calculate porosity.
Porosity plays an important role in metallic, plastic and enamel coatings, where its
presence is definitely important. There are two kinds of porosity of the medium;
defined as the three-dimensional porosity,d, and the two-dimensional porosity, ¢a .
Both quantities can be given as:

_void volume 1)
bulk volume
cross - sectional void area
¢A = (2)

"~ total cross - sectional area
Hence, the void volume of the porous medium can be given as

¢

void volume = m (volume of particles)
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Porous media 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 sense, is of limited usefulness because its value in the same
porous sample may vary with the properties of the permeating fluid and the
mechanism of permeation. It is more useful and more scientific to separate out the
parameters which measure the contribution of the porous medium to the
conductivity and are independent of fluid properties and flow mechanisms. This
quantity is called the "specific permeability” o, or it is just called "permeability",
its value is uniquely determined by the pore structure, [12, 13]

The porosity can often be considered as constant for the whole medium. Since
the permeability o describes the ability of the fluid to flow through the porous medium,
o is often called the absolute permeability and its quantity depends only on the
geometry of the medium. There has been much effort to establish relations between the
permeability and the porosity. The permeability is found to be proportional to ¢™
where 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 dynamic viscosity p. The viscosity
indicates the resistance of the fluid due to shear and angular deformations. At the
microscopic level, there are friction forces in the fluid caused by the interchange of
momentum in the 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 kinematics viscosity v defined asv = u/ p, where p is the density of the fluid.

Moreover, the viscosity of incompressible Newtonian fluids (which will be the case of
interest here) is assumed to be isotropic; thus, such fluids are characterized by only one
viscosity coefficient p, [10].

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.

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, capillary systems form the vast majority of porous media. In the
case of capillary systems, mechanical equilibrium, i.e., the absence of net
mechanical forces acting on the system is determined not only by the hydrostatic
pressure and gravitational attraction but also by forces associated with surface
ension, [12].

Flow through Porous Media

In this work, 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
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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 in
the form of generalized dispersion equations. A porous medium consists of a matrix
with a large number of microscopic pores and throats which are typically narrow tubes
through which fluid can pass. Soil and sand are both examples of porous media, and
the fluid flow in a porous medium can be considered as pouring a cup of water over the
soil and letting the water flow into the soil due to the gravitational forces. The
description of flow in a porous medium 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 o in a homogeneous gravitation field, where
one fluid of viscosity p is injected though the medium by applying a pressure gradient
AP across the matrix. Then, the flow rate Q of the fluid through the medium is given
by the Darcy's equation, such that:

Q=-CH ) @)
Y7, L

This is a linear law, similar to the Newton's law of viscosity, Ohm's law of
electricity... etc. In equation (3), 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 and P the "piezometric pressure, [13].

Using equation (3), it is possible to determine the permeability (c) of the porous
medium. Darcy's equation is applied for those porous media which have regions with
smaller pores and are also treated as permeable medium as in the case presented
(partially porous medium, not highly porous).The most general equation which
describes the matching of boundary conditions at an interface between the larger pores
and the permeable medium is the Brinkman's equation, such that:

AP = -Hv 4 vV (4)
o}
where V is the fluid velocity; p is the fluid viscosity; . is the effective fluid viscosity.;
o is the permeability, and 4P 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 only on the medium,
gases display a permeability that depends also on the identity of the gas and the
pressure difference across the medium. This variation with the identity and pressure of
the gas is known as the slippage. This effect was originally detected with gas flow
through capillary tubes, and becomes more pronounced when the diameter of the
capillary tube approaches 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 the description of both the medium and the
flow. In the broadest sense an open pipe is a limited case of a porous medium. Usually,
the number of holes or pores is sufficiently large so that a volume average is needed to
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calculate pertinent properties. Pores which occupy a 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
Reynold's number defined for a porous medium is less than one. In order to define the
Reynold's number for flow in porous media, the concept of hydraulic radius, Ry, 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

__void volume of porous medium )

surface area of porous medium

H

If Vp: is the particle volume, and S the surface area of the particle, then for
spherical particles, the specific surface, B, (which has the dimension of m™) can be
defined as:

6 S

B=_— =P (6)

D V,

where D is the particle diameter.
The hydraulic radius can be rewritten in terms of the porosity, 4, the number of

particles, N, the volume of the particles, Vp, and the surface area of a particle, Sp, in the
following way:

W (]%— ¢) .2

= = 7
" S,N S,(1- ) 0
For nonspherical particles, an effective particle diameter, Dp, can be defined as:
6
D, = E (8)

The discharge velocity,u, and the pore velocity, v, (as shown in Figure (1)) are
obtained from the mass balance as in the following equation:

ﬁAtat = VAvoid (9)
This gives the result:
u=¢v (10)

Os,

Fig. (1): Velocity of particles during flow through a porous medium.
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Hence Reynold's number for flow in a pipe is:

Re = ’O_u2
« o) (1)

_Ubp

U

Where s is the viscosity; U is the discharge velocity; p is the density of the fluid; D is
the diameter of a pipe; and v is the pore velocity (m/s).
For porous media, the length scale corresponds to the hydraulic radius, Ry,

while the velocity scale is the discharge velocity U, divided by the porosity.

For the convenience of the definition, the numerical constants are usually dropped and
in some definitions the (1- ¢) term is also dropped. The Reynold's number then
becomes:

Re, = 22UP (12)
Y7,

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 (G=8m/s, p,=0.35 kg/m®, $=0.337, u=4.15E°N.s/m’ and D=5E° m), and by
applying equation (12) yields that: Re=0.408, but at low temperatures the exhaust
gases' properties are changed.

This result means that Darcy's law is applied for the case of flow in this type of
porous media and that the flow is laminar.

Transmission Losses (TL)

Transmission losses are defined as the difference between the sound power incident on
the DPF unit and that transmitted downstream into an anechoic termination. It can be
given as:

TL=10log(Wi/W,) (13)

where W; is the incident power in watts. W;: is the transmitted power in watts.
For a DPF unit, transmission losses can be given as:

TL=20 log (0.5 I Tppel) (14)
where Tppr is the transformation matrix of the DPF unit, [1].

RESULTS, DISCUSSION AND CONCLUSIONS

As previously mentioned the properties of porous media have significant effects on the
flow of fluids through them like fluids, gases and of course the sound propagation. The
following results will reveal these effects on sound transmission losses and noise
reduction factor for some types of DPF units.

Figure (1) relates TL to channel width of the DPF unit for the case of harmony
in time and in 2-D space (under hot conditions). It can be noticed that as the channel
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width increases the TL decreases, because the space inside the DPF unit becomes
larger, so sound absorption by channels decreases and hence TL decreases.

Figures (2) and (3) relate TL to permeability of the DPF unit in both cases of time
harmonic variation only (under hot conditions) and the case of harmony in time and for
2-D space (under hot conditions, 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.

Figure (4), which relates TL to wall thickness, shows that as the wall thickness

of the channel increases TL increases, because the filter becomes more solid and hence
it absorbs or prevents more sound waves causing TL to increase.
Figure (5) represents the relation between pressure drop along the typical DPF unit and
the axial velocity. It can be noticed that as the velocity increases the pressure drop also
increase. At the same time, as the pressure drop increases TL for the typical filter
decreases, as shown in Figure (6). The reason beyond this is that as the pressure drop
increases (hence velocity of gases' emission flow increases) time for flow to go through
the porous walls decreases, so TL decreases.

Figures (7) and (8) represent the relation between TL and the number of
channels per square meter at no soot layer, under hot conditions (w=700Hz), for the
case of harmony in time and in 2-D space and for time harmonic variation only,
respectively. From the last two figures, it can be seen that TL decreases as channels/m?
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 (9).

The main conclusions of this work can be summarized as follows:

- Transmission losses are proportional to frequency, and wall thickness.

- Transmission losses are not proportional to porosity, number of channels per
square meter, pressure drop, permeability, and channel width.

- The temperature has a significant effect on both transmission losses and noise
reduction factor, as the temperature increase both of these quantities increase.
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Figure (1): 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 (2): TL against permeability at w=700 Hz, with no soot layer, time harmonic
variation, and under hot conditions.
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Figure (3): TL against permeability at w=700 Hz, with no soot layer, harmonic in time
and 2-D space case, and under hot conditions. (m?)

8.2
TL (dB)

8.1

8.05

7.95

7.9

7.85

7.8

7.75 1 1 1 1 1
3 3.1 3.2 3.3 3.4 3.5 3.6

wall thickness (m) x 10

Figure (4): TL against Wall thickness at w=700 Hz, with no soot layer, time harmonic
variation, and under hot conditions.
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Figure (5): pressure drop against axial velocity for typical filter
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Figure (6): TL against Pressure drop at w=700 Hz, with no soot layer, time variation,

and under hot conditions.
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Figure (7): TL against number of channel/ m? at w=700 Hz, with no soot layer,

harmonic in time and 2-D space case, and under hot Channels No./m?2
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Figure (8): TL against number of channel/ m? at w=700 Hz, with no soot layer, time

variation, and under hot conditions. )
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Figure (9): TL against porosity at w=700 Hz, with no soot layer, time variation, and
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