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Flow Characteristics of SiC Diesel !
Particulate Filter Materials

ABSTRACT

Recent studies have shown that SiC provides sub-
stantial advantages for use as the material for wall flow
diesel particulate filters. In addition to very advanta-
geous thermal propertics, it has been shown that SiC
based filter material has higher permeability than
Cordicrite.

This paper presents a comparison of the basic [low
characteristics of SiC based and Cordierite based wall
flow filter material, expressed in terms of parameters
which are basic materials properties that are indepen-
dent of filter geometry.

In addition, the flow characteristics of the particu-
late matter collected on the filter during engine opera-
tion are presented. The results show that the advanta-
geous flow characteristics observed with the basic filter
material are retained for loaded filters, up to very high
loadings.

INTRODUCTION

In order to reduce the problems associated with
damage to diesel particulate filters during regeneration,
many systems have been developed to carcfully control
conditions in filters during regeneration. In a large
number of these systems, the filter elements have been
made of a honeycomb structure of porous Cordicrite
with plugged ends. Due to a low melting point and a
low thermal conductivity, problems often arise with
local temperatures approach the melting temperature of
Cordierite.

A material which has very attractive properties [or
reducing this problem is Silicon Carbide (SiC). In par-
ticular, its high decomposition temperature and high
thermal conductivity make it specially attractive with
respect to withstanding very severe regeneration condi-
Lions.

Recent work has shown that it is possible to con-
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struct wall flow filters out of SiC, and that these filters
have many desirable propertics (1-4). In addition to the
thermal properties, SiC wall flow filters have been
found to have desirable flow characteristics, and give
lower pressure losses under comparable conditions.

It is the purpose of this paper to further investigate
the flow characteristics of SiC filter material and com-
pare them to those of Cordierite. In making this com-
parison, an attempt has been made to make the charac-
terization on the basis of theoretically based consider-
ations and material parameters, so that the results can
be used in a general fashion and not specific to a given
filter configuration.

Two aspects of the [low characteristics are consid-
ered. The first is the flow pressure drop relation of the
basic material itself in the unloaded form. The second
is that of the loaded filter. This is an important aspect
of the problem, since for reasonable filter loadings, it is
the particulate matter which essentially determines the
pressure drop through the filter.

FILTER MATERIAL

PROPERTIES

Two materials were used in the investigation: a
matcrial based on SiC particles joined strongly together
(1), and a Cordicrite structure, commonly referred Lo as
EX-066. Photographs of the structures of the SiC and
Cordicrite matcrials are given in Figure 1 and 2, and
show that they have quite different structures. The
photographs indicate a more uniform structure for the
SiC, and the absence of the very large pores which are
observed in the Cordicrite structure. Many of these
large pores appear o be closed, and would not contrib-
ute to the flow arca. In another study, it has also been
shown that SiC matcrials have a much more uniform
pore size than Cordicrite (2).

A summary of the most important propertics of




the filter materials used is shown in Table 1. The SiC
material has a slightly higher porosity and a slightly
larger mean pore size than the Cordierite material.

The SiC material also has a thicker wall and a smaller
filtration area than the Cordierite. A more complete
description is given in Reference (1) for SiC filters. For
the Cordierite material, values were obtained from
Reference (5).

Property Sic Cordierite
Bulk Density - g/cm® | 1.6 1
Porosity - % 50 43 - (5)
Cells per cm? 8 16

Cell size, mm 3.5x3.5 2.54x2.54
Wall thickness -mm 1 0.635
Surface area - m?/l 0.42 0.63
Mean pore size - pm | 40 33 - (5)
Permeability - Darcy 21 0.64

Table 1. Properties of the filter materials used in the
study. :

Figure 1. A photograph of the cross section of the SiC
filter material. The wall thickness 1s 1 mm. The black

areas are voids in the epoxy bonded to the SiC malerial.

FLOW THROUGH FILTER MATERIAL

In the following, reference will be made to some
geometrical parameters for wall flow filters. Figure 3
shows the variables used and the nomenclature. The
width of the honeycomb cell is denoted by a, the wall
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thickness by t, and the length of the entire filter by L.
In addition, there are two velocities that are used. The
first, denoted by v, 1s the so called lace velocity,

Figurc 2. A photograph of the cross section of the Cor-
dierite filter material. The wall thickness 1s 0.63 mm.
The black areas are voids in the epoxy bonded to the
Cordierite material.
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Figure 3. Nomenclature used for the wall flow filter
structurc.

that is the velocity of the gas as it enters the filtration

surface. The second velocity is denoted by U. It is the

entrance velocity at the open end of the filter channels.
For proper flow conditions, it can be expected that




the flow through the filter material will obey Darcy's
law, given in Equation 1:

dp =v_{;l (1)

where: dp is the pressure drop, p is the gas viscosity,
and a is the permeability of the porous media. Dullien
(6) gives an approximate limit for the region where
Darcy’s law begins to deviate from linearity as a Rey-
nolds number on the order of from 1 to 10.

Re, = _p— (2)

In Equation 2, the Reynolds number is defined on
the basis of a "surface average” sphere diameter D_ for
the particles in the porous media, p is the gas density,
and p is the gas viscosity.

A deviation from Darcy’s law can be seen cither
from a deviation from linearity in the relationship be-
tween the flow and pressure drop relation from
Equation (1), or in more general terms, in a logarithmic
plot of the friction factor as a function of the Reynolds
Number, In Dullien (8), the friction factor is defined
as:

f=—=_-_= ()

It is the filter wall material itself that would be
expected to be the most likely to deviate from Darcy's
law. For a given flow rate and density entering the
particle layer, the difference between the Reynolds
numbers for the filter material and the particle layer
will be solely due to the difference in the diameter of
the particles. For the exhaust particles, typical sizes arc
on the order of 1 um (7), while for typical wall flow
[ilter materials particle/pore sizes will typically range
from 10 to 100pm. Therefore, the Reynolds number for
the filter wall material will be at least an order of mag-
nitude higher than that of the particle layer consisting
of diesel particulate matter.

EXPERIMENTAL RESULTS

In order to determine the flow characteristics of
the filter materials, tests were conducted in a simple
cold flow bench. Air was directed through a filter body
by using a series of centrifugal blowers, and the pres-
surc drop was monitored as a function of flow ratc.
This sctup was also used for some measurements with
loaded filters, but the blowers could not deliver the high
pressures needed to provide the high flow rates found
under engine conditions. Cold flow measurements of
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loaded filters did, however, provide a supplement to the
higher flows during engine operation, and provided
accurate [low and pressure measurements at lower flow
rates.

For all measurements, the pressure drop was taken
to be solely due to the effect of the gasses flowing
through the porous wall and in the event of a loaded
filter, through the particle layer and wall of filter mate-
rial itself. This was justified by using the theoretical
considerations developed in References (8) and (9).
Using the model of Reference (8), it was determined
that the pressure drop due to the flow along the length
of a filter channcl was insignificant. Similarly, using the
techniques given in Reference (9) it was found that end
losses also were insignificant.

In Reference (1), flow data were presented for SiC
and Cordicrite structures with comparable porositics
and mean pore sizes [or flow velocities up to 5 cm/sce.
The pressure drop was found to be a linear function of
the lincar flow velocity for both materials. In order to
find & point where a deviation from Darcy’s law occur-
red, a series of tests were conducted on the cold flow
bench at higher velocities of up to 15 em/s for the
Cordierite material, and 20 cm/s for the SiC. These
results are shown in Figure 4, where it can be seen that
at flows over about 5 em/s, the relation between the
pressure drop and the flow velocity becomes non-linear
Also shown in Figurc 4 are lines representing the lincar
behavior measured in Reference (1).
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Figure 4. Pressure drop as a function of face velocity
for the two filter materials,

The permeability of the two materials can be de-
termined from the slope of the curves in Figure 4. For
the SiC, the permeability is 2.1x10712 m2 = 2.1 Darcy,




and for the Cordicrite the permeability is 0.63 Darcy.
Additional measurements on small discs of a Cordierite
type EX-47 material gave a permeability of 0.22 Darcy.
The measured value for the EX-66 Cordierite is lower
than the results of Reference (8) who reported a value
of 1 Darcy based on theoretical conversion of the mea-
sured value of 0.2 Darcy for EX-47 type material, but
the measured value for the EX-47 is very good agree-
ment with Reference (8).

CORRELATION OF DATA

Empirical results for flows through idealized po-
rous structures follow the following relationship be-
tween Reynolds number and the friction factor in the
region where Darcy’s law is valid:

K

Fa (4)
Re

where: K is an empirical constant that has been found
to be a function of porosity, surface roughness, tortuos-
ity, etc. (6). From the definitions of the friction factor
and Reynolds number, it can be shown that Equation
(4) implies the following relationship between the per-
meability and the surface average particle diameter;

(%)

This is a useful relationship, since it can be used to
establish an equivalent diameter for the particles of a
porous structure through a simple measurement of the
permeability of a structure. In the case of Cordicrite, it
is very difficult from a strictly geometrical point of view
to establish this parameter.

Equation (5) can then be used to calculate equiva-
lent particle diameters based on permeability, but some
reference condition is needed to establish the constant
K in Equation (5). For the work presented here, the
following procedure was used. Since the structure of
the SiC filter is based on grains with a known and fairly
uniform size, the permeability of the SiC material was
used to determine K. From this value of K and the
permeabilities of the Cordierite filter materials, equiva-
lent diameters for the Cordicrite materials were then
established. The results are given in Table 2

When discussing the equivalent diameters, it
should be remembered that they are based on a rela-
tionship developed from SiC material. Because the
structure of the Cordierite tends to be that of pores
inside of a more solid material, it is difficult to give a
definite physical significance to the equivalent particle
diameter. The use of the equivalent diameter is, how-
ever, a way to bring the permeability into the standard
parameters of the friction factor and the Reynolds

Property SIC EX-66 | EX-47
Porosity 50 43 50
Mean Pore size -pm | 40 | 33 13
Permeability - Darcy 2.1 0.63 0.22
Equivalent Diameter - 80 44 36

pm

Table 2. Flow size and [low resistance data for three
types of filter material.

number, and is in fact cquivalent to defining these two
parameters on the basis of the square root of the per-
meability instead of an actual physical dimension.

In a study of flow through EX-47 type Cordicrite
filters Mogaka ct. al. (9) established the following rela-
tionship between a non-dimensional pressure drop and
a Reynolds Number. The nondimensional pressure
drop they used is defined as:

" —eetE ©)
p == f2

In addition, the Reynolds number used in Reference (7)
was based on the cell width.

R, =20 P 7
M

The formulations used in Equations (6) and (7)
are acceplable where the length of the filter bodies is
constant, but for conditions where filters of different
length are to be compared, the formulation of Equa-
tions (2) and (3) should be used, since it is in general
terms and the length of the filter is part of the defini-
tion of the friction factor.

For filters with square channels as shown in Figure
3, the relationships between the formulations from
Dullien (6) and Mogaka ct. al (9), follows:

.=f'(a—w)2-w

dp 7
8'Dp'L

(8)

4-L-a
Res =Rey @ — = % 9
2 ' D, (a-w) @)

Based on these relationships and using the value of
the equivalent diameter for the EX-47 material from
Table 2, the correlation between the non-dimensional




pressure drop and Reynolds number given in Reference
(9) can be converted to the formulation in terms of the
parameters given in Dullien (6) as follows:

f = 2840 Re; "% (10)

The results from the flow tests on the Cordicrite
and SiC filter materials shown in Table 1 are given in
Figure 5, along with a plot of Equation (10). It should
be noted that in Reference (9), the results presented do
not include data points for Re, > 9000 (Re; > 0.2),
and so it is not known what is the maximum Reynolds
number for which the correlation is valid.

1000000

-

Friction Factor

EX-86 SiC

1000 T T T
0.01 0.1 1 10

Reynolds Number - Re1

l-r EX66 O SiC —EX-47—|

Figure S. Friction factor as a function of Reynolds
number for SiC and Cordierite filter materials.

Also shown in Figure 5 are the ranges of Reynolds
numbers encountered for the filter materials in the cn-
gine tests with loaded filters in this study. Reference
(6) also gives a relation of the same form as Equation
(10) for flow through a packed bed of glass beads. The
power of the Reynolds number was 1.0 which is close to
the value for Equation (10), and the cocfficient was
given in terms of the porosity. When using the porosity
correction given in Reference (6), the coefficient was
found to be about 1/10th of that in Equation 10.

There are at least two factors which can affcet this
coelficient. The first is, as mentioned, the porosity.
Reference (6) lists a large number of different corree-
lions which try to account for the cffect of porosity.
Some of these vary considerable. The second is the
coefficient from Reference (6) is apparently for liquids,
while the results presented here are for gasses. It is
know that gasses can behave somewhat differently in
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porous structures than liquids.

For the measurements of this study, it can be seen
that there is a region at low Reynolds numbers where
the same functional relationship holds as for Reference
(6), and that the values are nearly the same as those
given by Equation (10). At a Reynolds number of
about 0.2, the data points begin to show a deviation
from the straight line, and the Cordierite data points lic
above those for the SiC.

Initially, Figure 5 would scem to imply that the
materials are all equivalent. However, upon consid-
eration of the definitions for the friction factor and the
Reynolds number, which include the equivalent particle
diameter, it can be shown that the curves are actually
another way of expressing the permeability, since the
equivalent diameter is proportional to the square root
of the permeability.

Take, for example, the conditions for two filters
with the same filtration area and thickness operating in
engine exhaust at the same engine operating condition,
If the back pressure is low, then the gas densities will
be the same and therefore the face approach velocities
will also be the same. The Reynolds numbers will not
be the same, however, if the two filters have different
equivalent diameters (i.c. permeabilities). The filter
with the smallest cquivalent particle diameter (lowest
permeability) will have the lowest Reynolds number,
since other variables determining the Reynolds number
will be the same. This filter will then have a higher
friction factor. In the region where Darcy’s law is valid
the friction factor will be inversely proportional 1o the
cquivalent diameter. Since the pressure drop is also
inversely proportional to the equivalent particle diame-
ter, this filter matcrial will then have the greatest press-
ure drop. The ratio will be determined by the ratio of
the squares of the cquivalent diameters, i. e. the per-
mcabilitics.

To sum up, the reason that the materials appear to
have the same flow characteristics in the region of
Figure 5 where the friction factor is inversely propor-
tional to the Reynolds number, is that they all obey
Darcy’s law, and the cquivalent diameters are deter-
mincd from Equation (5), which is a result of Darcy’s
law. If the materials obey Darcy's law, then the perme-
ability of the material itsell gives a complete description
of the pressure loss characteristics of the material itself.
Effccts of filier arca and thickness can then be deter-
mined through determination of face velocities and
application of Darcy’s law.

PARTICLE LAYERS
BASIC CONSIDERATIONS

In the previous scction, it was shown that for mate-
rials which obey Darcy’s law, it is only neeessary Lo
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determine the permeability to determine the pressure
drop characteristics. As indicated by Figure 5, one
would expect the particle layer to follow Darcy’s law be-
cause the typical diesel particle size is much smaller
than the equivalent diameters given in Table 2. There-
fore, the effort concerning particle layer pressure loss
characteristics will be concentrated on determining the
permeability of the particles on the filter.

For determining the pressure loss characteristics of
the particle layer it was assumed that the pressure drop
through a loaded filter is the sum of two contributions:
the pressure drop through the filter material itself, as
discussed previously, and the pressure drop due to the
particles. Since the pressure loss characteristics of the
basic materials have been established, the pressure drop
through the filter material can be calculated as a func-
tion of the face velocity (flow rate and density) and the
viscosily of the gasses (temperature) and then
subtracted from the total pressure drop over the filter.
The two contributions to the pressure drop were as-
sumed (o be independent. This is not to say that the
filter material does not have an elfeet on the propertics
of the filter layer, but it attributes all changes in pres-
sure drop characteristics apart from changes in the
viscosity and velocity through the filter material to the
accumulation of particles.

The next assumption is that Darcy’s law holds for
the particle layer. This has been discussed at the begin-
ning of this section. As an additional indication that
this is the case is given by some cold flow bench exper-
iments on loaded filters. Filters were loaded with dif-
ferent weights of particles and the pressure drop was
determined as a function of face velocity. With the

Pressure drop - kPa

24
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Figure 6. Pressure drop as a function of face velocity
for cold flow bench test of a loaded SiC particle filter.
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Figure 7. Pressure drop as a function of face velocity
for cold flow bench test of a loaded Cordierite particle
filter.

loadings encountered, the maximum pressure drop for
both the clean SiC and Cordicrite filters is about 0.14
kPa. For the flow conditions used, it has been shown
that the basic filter material obeys Darcy’s law,
Thereflore, any deviation from linearity of flow relation-
ships for loaded filters would reflect a deviation from
Darcy’s law,

Figures 6 and 7 show the pressure drop across the
particle layer as a function of the face velocity for these
experiments. It can clearly be seen that in this region,at
least, there is a lincar relationship between the velocity
and pressure drop, indicating that Darcy’s law is appli-
cable here.

The thickness of the particle layers for the condi-
tions shown was determined to be about 0.2-0.4 mm.
This is about one half the wall thickness for the filters,
and the pressure drops are about 50 times those of the
filter material. This implies that the permeability of the
filter material is on the order of 200 times greater than
that of the particle layer, and that an equivalent diam-
cter of the particles in the layer would be about an
order of magnitude lower than those of the filter mate-
rials. This is 2-5 pm, which is somewhat larger than
valucs reported in the literature for diesel particulate
matter (7), but it is of the correct magnitude. The Rey-
nolds numbers for the particle layers would then be an
order of magnitude less than those of the filter materi-
als previously determined. The agreement of the above
cquivalent diameter with known dicsel particle diame-
ters also indicates that the particulate matter on the
filter behaves similar to Figure 2. Since the velocities
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arc essentially the same through the filter and the base
material, then the Reynolds numbers for the particle
layer should be an order of magnitude lower than those
of the base material, and as indicated from Figure 2,
well into the region where Darcy’s law will be valid.

In Darcy’s law as given in Equation (1), it is neces-
sary to know the thickness of the particle layer. This is
very difficult to measure directly because a filter must
be dismantled and, in fact, destroyed to make physical
measurements throughout the filter structure. Even so,
the handling process may disturb the particle layer,
affecting results. The particles first collected may also
penetrate into some of the filter structure, making it
difficult to physically determine a thickness.

As an alternative to actually measuring the thick-
ness, the concept of an effective particle thickness was
used. The assumptions made are that the particles are
evenly distributed over the entire face of the filter, and
that there is, in effect, a sharp boundary between the
particles and the filter material. Since the filter materi-
als are porous, this assumption may not be very accu-
rate, especially in the first stages of particle collection.
As in the case of the effective particle diameter in con-
nection with the permeability, one then is concerned
with an effective thickness of the particle layer.

Under these assumptions, the effective thickness of
the particle layer, & is:

6=_ " (1)
Ar * pp

where: m is the total mass of particles on the filter, Af
is the filtration area (area of the open channels), and Pp
is the bulk density of the particle layer. The face veloc-
ity can also be calculated from the continuity equation
for the flow of exhaust through the filter:

Pexh
- v c A (12)
" T RT f

exh

Substituting Equations (11) and (12) into Darcy's
law for the pressure drop contribution due to the parti-
cles, one obtains:

m, *m -R-T,
dp = _8 p i exh | 1 (13)
Pexh = H° AF Pp *

In Equation (13), it can be seen that the problem
with the uncertainty concerning the thickness of the
particles has been replaced by the uncertainty of the
bulk density of the particle layer. All of the paramcters
with the exception of the density and the permeability
can be re 'y measured during engine testing, It can
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also be seen that it is actually the product of the perme-
ability and the density that determines the pressure loss
for a given flow rate and particle loading.

Consequently, in the following results, the parame-
ter determined will be the product of the density and
the permeability. It is possible to determine the density
of the particle layer, but it involves the same difficulties
as the measurement of the thickness.

RESULTS

Experimental measurements for the flow proper-
tics were obtained by performing a series of experi-
ments on a diesel engine run at different constant
speeds and loads and then collecting particles for two
types of filter materials, SiC and Cordierite. Specifica-
tions of the engine and filters used are given in Tables 3
and 4 respectively, The base materials correspond to
those in Table 1. The physical properties of the two
lilter materials are comparable in terms of mean pore
size and porosity. Both filters were packed into stain-
less steel cylinders and surrounded by conventional
packaging material and were equipped with quick-con-
nect flanges for frequent removal.

The Cordierite filter was constructed in a single unit,
while the SiC filter was composed of 4 pie shaped seg-
ments with the packing matcrial pressed between the
segments (1).

Bore 93.0 mm
Stroke 884 mm
Cylinders 4
Displacement 2.4 liter
Combustion System | Indirect Injection

Table 3. Enginc parameters for the particle collection
experiments

In the experiments, identical speed and load condi-
tions were tested for cach filter material. Engine
specds were varied from 1500 rpm to 3000 rpm, and
three load levels were used: 35, 65, and 95 N-m corre-
sponding to Brake Mecan Effcctive Pressures of 183,
340, and 497 kPa. At the highest speed, the highest
load was not used since intention of the experiments
was only 1o look at the collection of particles and not

the regeneration of the filters, and there was concern
that some regencration would occur.

No specific limit was set on the engine back pres-
sure, and the experiments were conducted in a manner
such that the pressure risc as a function of time was
lincar and that the rate of increase of pressure with
time could be accurately determined. Even with high



Filter Unit Property SiC Cordierite
Diameter - mm 170 144
Length - mm 125 152
Volume - liter 2.84 2.48
Cell size - mm 3.54 2.54
Wall Thickness - mm 1.0 0.63
Filtration Area - m? 1.19 1.56

Table 4. Propertics of the filters used in the particle
collection experiments.

back pressures, the pressure time curves generally in-
creased linearly, and no dramatic pressure increases
were observed at the end of the collection process.

For each operating condition, the engine was run
the same length of time for both filter materials. Com-
parative filtration efficiencies were determined by dis-
mounting the filters alter cach run and then weighing
them. An electric scale was used that has the ability (o
weigh up to 11 kg to an accuracy of + 0.1 gram. The
SiC filter assembly weighed 6 kg while the Cordierite
assembly weighed 4.9 kg.

Following the weighing, the filters were then re-
generated using an clectrically heated oven equipped
with a small blower for compressed air. After heating
to a predetermined temperature, air was blown through
the filters to regenerate them. The effectiveness of the
regencration was checked by monitoring the weight of
the filter after each regeneration.

A summary of the collected particle masses on the
two filters is shown in Figure 8, where the mass collect-
ed on the SiC filter is plotted as a function of the mass
collected on the Cordierite filter. The straight line
shown represents equal mass on both filters. In gener-
" al, it can be observed that there is no significant dilfer-
cence in the collection efficiency. There are uncertain-
tics and errors associated with the disassembly and
weighing procedure, it was determined that the filter
weights were accurate to about * 3 g,

Figure 9 shows typical exhaust pressure and ex-
haust temperature measurements as of function of time
for the filter materials for an engine speed of 1500 rpm
and a BMEP of 340 kPa, while Figure 10 shows similar
results for a higher speed of 3000 rpm and a lower
BMEP of 183 kPa. It should be pointed out that the
pressure rise shown is the increase above the pressure
drop caused by a clean filter. The clean filter pressure
drops have been calculated using the results from Fig-
ure 5.
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Figure 8. Comparison of the mass of particles collected
on the SiC and Cordicrite filters for identical engine
operating conditions.

These results indicate that for identical engine
conditions, the SiC filter has a lower pressure drop
throughout the entire collection process. This is found
even though the SiC filtration arca is 24 % smaller than
that of the Cordicrite, and the its wall thickness is 65 %
larger than that of the Cordicrite filter,
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Figurc 9. Exhaust temperatures and pressures during
particle buildup at 1500 rpm and a BMEP of 340 kPa.
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Figure 10. Exhaust temperatures and pressures during
particle buildup at 3000 rpm and an BMEP of 183 kPa.

The results in Figures 9 and 10 encompass a wide
range of pressures, including pressures considerably
higher than those which would normally be accepted in
typical operation. Similar results have been shown by
Howitt and Montierth (10) in their investigation of the
behavior of different types of Cordierite filter materials.
In agreement with the results of Reference (9), there is
an initial portion of the curve where the rate of pres-
sure rise is high, after which the rate of pressure rise
becomes nearly constant. The initial portion of the
pressure development is thought to be connected to the
initial build up of the particle layer on or partly in the
filter material, but has not been investigated in detail.

These results are typical of those found for the
entire range of operating conditions. This is shown in
Figure 11, which is a plot of the rate of pressure rise
under particle collection for the SiC filter as a function
of the rate of pressure rise for the Cordierite filter.
The pressure rise shown is the rate of change of pres-
sure with respect to time in the region where the pres-
sure rise curve is stable. It can be seen that in all cascs
the pressure rise is lower for the SiC filter than the
Cordierite filter in spite of a smaller filtration arca.
From Figure 8, it can be scen that the particle mass
collected on each filter is essentially the same at cach
condition.

According to Equation (13), one would expect a
linear relationship for the pressure rise as a function of
the product of the flow rate and particle mass divided
by the product of the exhaust gas density, the gas vis-
cosity and the square of the filtration arca. A plot of
the results for the particles collected on the two filters
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at 1500 rpm is given in Figurc 12. Included in the
curves are points taken from measurements of cold
loaded filters on the flow bench.

It is clear from Figure 12 that there is a relation-
ship of the form expected from Equation (13). If the
product p e for the particle layer is constant, it can be
determined from the slope of the curve in Figure 12. It
is also possible, however, to determine the value of the
ppe product for cach data point. This procedure should
be more general, since it would allow for variations in
the value of p_ca .

These results are given in Figure 13 which shows
the product p_a as a function of the pressure drop
across the particle layer. The conditions shown include
all the engine operating points.

There is a noticeable scatter in the data, particu-
larly at the low pressure drops corresponding to low
particle loading and, therefore, a greater relative uncer-
tainty in the particle mass. In spite of the scatter, there
are (wo observations which can be made. The value of
the product p e for the particles collected on the SiC
filter material is generally greater than the value for the
corresponding product for the particles collected on the
Cordierite filter. This is a reflection of the results for
the rate of pressure rise during particle collection,
which for SiC show lower pressure drops due to the
particle layer for equivalent loadings, but with a smaller
filtration area. The particle layer for particles collected
on the SiC substrate has a lower [low resistance than
that collected on the Cordierite EX-66 substrate which
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Figure 11. Comparison of the pressure difference due
to particle accumulation for particles collected on the
two filter materials.
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Figure 12. Pressure difference across the particle layer
as a function of the product of particle mass, face gas
velocity and viscosity divided by the product of the filter
area and the pressure difference (see Equation (13) in
the text).
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Figure 13. The product of the bulk density and perme-
ability, Pp%s of the particle layer as a function of the
pressure d|ffcrc.n(:t, rcached during collection for parti-
cles collected on the two filter materials.

is of a comparable pore size and porosity. The results
have been given in terms of the permeability and the
particle density, which are general factors, and can be
casily related to other filter constructions using the
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same filter materials.

This is not to say that Ppa is independent of the
underlying filter structure or lhr:: conditions under which
the particle layer has been created. This is illustrated
by the second observation concerning Figure 13. There
is a general tendency for the product p_a to decrease as
the pressure difference across the particle layer increas-
es. This occurs for the particles collected on both ma-
terials, and can be construed as a compression of the
particle layer. If this is the case, then one would expect
the bulk density of the particle layer to increase with
the pressure difference across it.

As mentioned previously, determination of the
particle bulk density is difficult and involves the destruc-
tion of the filter sample. A few determinations have
been made. For the Cordierite material with particles
collected up to a pressure d:fl'crcncc of 45 kPa, a parti-
cle layer bulk density of 0.12 g/cm? was found. For the
SiC material with particles collected up lo a pressure
difference (}f 25 kPa, a particle layer bulk density of
0.09 g/em> was found. Howitt and Monticrth (10)
report a value of 0.05 to 0.06 g/cm? in studics of Cor-
dicrite materials with pressures under 15 kPa. These
results give an indication that the particle layer bulk
density increases with increasing pressure diflference.
The interpretation of the bulk density results should be
treated with caution, because in addition to differing
pressures, the results were obtained for particles collect-
ed on at least three different filter materials.

Since the results of Figure 13 indicate a decrease
in the product p e with increasing pressure dilference,
and increase in lic density would have to be compen-
satcd by an cven larger relative reduction in the perme-
ability. However, as shown previously, it is only the
product of the bulk density and the permeability which
is needed in order to determine the pressure difference
over the particle layer.

The reason why the permeability-bulk density
product is greater for the SiC structure is not known
with certainty. It is thought to be due to the more
uniform pore size distribution of the SiC filter material,
which is made of a limited size range of particles. This
gives a more consistent open structure, an limits the
number of large blind pores in the structure. This can
be scen in Figures 1 and 2.

It has been observed that for the Cordierite malte-
rial, that there are a few very large pores in the wall
material that are filled carly, and then the particle layer
collects outside the filter material. For the SiC material
with a comparable mean pore size, the very large pores
are not found, and so initially it is expected that the
particles collect to some unknown depth in the filter
malcrial. During this time, the flow resistance to the
particle layer is lower than for the Cordierite. This is
supported by the observation that when one attempts to
remove the particle layer from the filters, the SiC parti-



cle layer holds more tightly to the filter surface, and is
harder to remove than the particle layer on the Cor-
dierite material.

Eventually, both materials would contain all the
particles which their structures would allow, and then
the particle layer would be built up away from the
surface of the base material. In this case, one would
expect that the differences between base material struc-
ture would have less of an impact on the flow resistance
of the particle layer. Figure 13 suggests that this is the
case for large pressure drops, since the data points for
the two materials tend to be closer together than for
the smaller pressure drops.

CONCLUSIONS

The relationship between pressure drop and flow has
been established for filter materials made of SiC and of
Cordierite with comparable physical parameters. This
relationship gives the friction factor for the filter mate-
rial as a function of a Reynolds number bases on an
cquivalent spherical diameter which is proportional to
the square root of the permeability. The results are
consistent with literature trends for Cordicerite filters
with different physical characteristics.

The range of validity of Darcy’s law has been estab-
lished for the filter materials tested. The permeabilities
of the filter materials have been identified, and their
connection to the relationship between a [riction [aclor
and the Reynolds number established.

Flow characteristics of the layer of particles collected on
the filter materials have also been established. It is
shown that the product of the bulk density of the parti-
cles and the permeability of the particle layer is ade-
quate to describe the pressure losses through the parti-
cle layer. This product was found to be dependent on
the maximum pressure at which the particles are col-
lected and the type of filter material on which the parti-
cles are collected.

It was found that not only is the permcability larger for
the base SiC material, but that the permeability of the
layer of particles collected on the material is higher
than that of the Cordierite, cven for large particle load-
ing.
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