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ABSTRACT

Diesel particulate filters are becoming a standard for
most light duty diesel applications designed for European
EU5 and EUG6 regulations. Oxide based filter materials
are continuing to gain significant interest and have been
in high volume serial application since 2005. Compared
to carbide materials they show some unique properties.

With respect to the design, the length of a filter is a key
variable. Usually the prime design consideration is the
desired filter volume. The diameter or frontal area is then
usually defined by packaging constraints. Finally, the
length is adapted. The paper provides experimental data
on the impact this key design parameter has on the
pressure drop and the thermal behavior under “worst
case” regeneration conditions. A wide range of soot
loads (from 4 g/dm3 to 9 g/dm3) as well as filter lengths
from 6" to 12" is considered and evaluated under
comparable experimental conditions.

The discussion is based on experimental data as well as
numerical simulations with a 2D simulator. The simulator is
shown to be in good agreement with the experimental
observations. In general shorter filters are found to be of
advantage. They provide for lower pressure drop and yield
lower temperatures and gradients during worst case
regeneration conditions. Data are provided that can help to
estimate the impact of the filter length on the soot mass limit.

INTRODUCTION

The application of particulate filters to European
passenger cars with diesel engines continues to be
growing at a fast rate. For EU5 it is expected that most
diesel engines will have to be equipped with a diesel
particulate filter to meet the further reduced particulate
matter emission standards. After the initial introduction of
SiC based filters, oxide based particulate filters are
gaining significant interest [1-3]. More than 750,000
aluminum titanate filters (Corning DuraTrap® AT) will be
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on the road by the end of 2007. Cordierite filters are
today in series production on most heavy and a large
number of medium duty applications to meet US 07
regulations [4, 5]. For the near future a number of
passenger car series applications are expected as well.
Although comparable from a filtration perspective [3] the
oxide filters show different thermal behavior compared to
SiC, especially due to the difference in thermal
conductivity. The lower thermal conductivity of oxide
materials generally allows for a faster heat up and
regeneration but also requires some adaptation with
respect to the optimal regeneration strategy [6].

Across the applications there is a clear trend towards
close-coupled installations of the particulate filter.
However, in some instances space constraints in the
engine compartment prevent such installation. In the
underfloor position usually it is easier to allocate space
for the aftertreatment components. However, other than
operational difficulties with heat losses etc.,, the
underfloor installations are commonly constrained in the
available frontal area and height of the filter to maintain a
sufficient chassis clearance. Therefore the filter length is
used to adjust the filter to the desired volume allowing for
sufficient soot and ash storage capacity.

It is common understanding that the soot mass limit of a
particulate filter decreases with increasing filter length [8,9].
However, very little quantitative information is available on
the impact of this important design parameter especially for
oxide filter materials. The objective of this paper is to
address this question and provide experimental confirmation
as well as a thorough fundamental understanding.

EXPERIMENTAL SETUP AND PROCEDURES

The experimental work was performed with a two liter
prototype engine designed to meet EU4 standards. The
engine had common rail fuel injection system, turbo charger,
intercooler, and cooled exhaust gas recirculation (EGR).
The engine was installed in a dynamic test bench with an



asynchronous dynamometer. The test bench was equipped
with an emission bench for transient exhaust gas analysis,
an AVL 415S smoke meter and a constant volume sampling
(CVS) system for dedicated experiments. In addition to the
engine sensor readings and the data from engine control
unit (ECU), the test bed had standard instrumentation with
several additional temperature and pressure sensors, mass
flow controller, etc.

The aftertreatment system comprised an oxidation
catalyst (400 cpsi) followed by the catalyzed diesel
particulate filter (see Fig. 1). For the testing program, a
series of cordierite filters (Corning DuraTrap® AC 300/15
ACT) with a nominal cell density of 300 cpsi and 15 mil
wall thickness were used. The coating on the particulate
filter had a relatively low precious metal content, which
was mainly designed to convert the CO generated during
the soot oxidation. Filters with different lengths of 6”7, 8,
10” and 12” were used in the program. All had the same
diameter and same nominal catalyst coating. Filter data
are summarized in Table 1.

Table 1. Dimensions of filters used. All were Advanced
Cordierite filters with nominal cell density/wall thickness
of 300/15 and asymmetric cell technology (ACT).

Filter A B C D
Length 6 inch 8 inch 10 inch 12 inch
1524 mm 203.2mm 2540 mm  304.8 mm
Diameter 5.2inch
132.1 mm
Volume 2.09 dm? 2.78 dm? 3.48 dm? 4.18 dm?

To record the thermal events during severe regeneration
experiments all filters were equipped with 28
thermocouples. Schematics of the thermocouple patterns
used for the filters with different lengths are shown in
Figure 2. In all cases the main focus was to capture the
temperatures in the rear of the tested filter.
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Smoke Meter

T_post-TC T_post-TC
P_post-TC P_post-TC
AMA-2000
Smoke Meter 24x T_inside-DPF
3x T_pre-DOC 3x T_pre-DPF
Displacement: 2,0 L Turbo
Cylinder / Valves: 4/16
Engine Characteristics Injection Type: Common Rail

Power: 110 kW
Torque: 340 Nm

Figure 1. Schematic of the test setup.

Due to imperfections in the radial temperature
distribution at the filter inlet, 3 additional thermocouples
in different radial positions have been installed just at
upstream of both the diesel oxidation catalyst (DOC) and
the filter.

For the tests, the filters were canned by a simple stuffing
method. To stabilize the weight of the canned filters,
especially with respect to the mat, the canned filters
were heat-treated in a furnace for several hours.

Different experiments were performed on engine bench.
Prior to all tests the filters have been conditioned by
several hours of operation of the filter on engine bench at
full load and speed. The soot loading was done at a
steady state engine operating point with a relatively high
soot loading rate of 5-6 g/h. The soot mass accumulated
on the filter was monitored through weighing and
adjusted to within +/- 0.5 g/dm? of the target soot load.
Experiments at different specific soot loads up to 9 g/dm3
were included.
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Figure 2. Thermocouple patterns used within the filters
of different lengths. Shown is the 0°-180° plane.

A dynamic test procedure was used for the pressure
drop experiments. This procedure consists of a short
conditioning phase, where the filter is stabilized at ~250
°C followed by a rapid increase in engine speed and load
(up to the maximum fueling rate). Then the fueling is
decreased to zero within a short timeframe, e.g. the
torque is reduced to zero while the speed is maintained.
The entire procedure takes only a few minutes and has
been found to deliver reliable results. Due to the short
duration the temperature at the filter inlet stays relatively
constant at ~350-400 °C throughout the relevant test
phase.




The regeneration experiments were limited to severe
drop to idle tests (DTl experiments). In these
experiments an active regeneration is initiated at a low
load, medium speed engine operating condition. After a
fixed time, when the filter inlet temperature reached 600
°C, the engine is switched back to idle. This results in a
sudden increase in the oxygen concentration of the
exhaust gas and a significant decrease in mass flow. An
example of the conditions during such a DTI test is
shown in Figure 3. This test has been found to represent
some of the worst case conditions as the soot has
started to burn, sufficient oxidant (O,) is provided and the
convective heat removal is drastically reduced. The rate
at which the heat is released exceeds the heat that can
be removed from the system, leading to an increase in
the temperature inside the filter, resulting in
thermomechanical stress. After each regeneration
experiments the soot mass burned was determined
gravimetrically. Then the residual soot was burned in a
clean out regeneration step at constant engine operating
conditions. At the end of the clean out step another
weight measurement was used to check that all soot had
been burned. Prior to the next regeneration experiment,
the filter was reloaded to the desired soot level.
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Figure 3. Example of a severe drop to idle (DTI)
regeneration experiment. Time zero indicates when the
engine is switched to idle.

MODEL

Two types of models were used for the analysis and
interpretation of the results, as well as the extrapolation
to other relevant conditions

For the pressure drop calculations a O-dimensional
model was used that separates between the various
pressure losses in the filter, namely inlet/outlet effects
due to contraction/expansion, friction along the channels
and resistance across the soot layer and the wall. The
model also considers the deposition of ash as layer on
the walls and as plug in the back. The model treats every

resistance separately and allows consideration for non-
symmetrical channel geometries such as the asymmetric
cell technology (ACT) applied to the filters used in this
program [1, 2].

The simulation of the regeneration events was done by
using Cornings simulator, based on a dynamic
heterogeneous model of a particulate filter. The model
considers for conservation of mass, enthalpy and
momentum in the inlet and outlet channel as well as the
channel wall. Compared to the original model described in
[7] several advancements were made in the model
formulation. The advanced model consists of three scales
of modeling: (1) filter-scale transient heat conduction of
filter volume include insulations, (2) channel scale gas flow
continuity, momentum, energy balances and species
transports, and (3) wall (“web”) scale gas flow, species
transport, and soot chemical reactions.

The filter scale heat conduction deals with the transient
thermal conduction in solid (monolith filter substrate).
The monolith is treated as a continuum media with
anisotropic “effective” heat conduction property. The heat
source accounts for heat exchange between the gas
flowing in the channels and the solid walls, and also the
heat generated in soot oxidation reactions and/or in any
other species reactions which leads to species
conversion either in soot layer or channel wall.

Channel scale model is a simplified one dimensional model
for compressible gas flow with accompanying species
transports. It includes viscous drag force in momentum
balance of fluid flow and species mass transport
perpendicular to the channel flow direction by using channel
friction factor and mass transport coefficients.

Wall scale model is used for gas flow through the porous
wall and associated species transport with chemical
reactions. The gas flow is treated as Darcy flow with thermal
equilibrium and species transport. The latter is described as
purely advective (plug flow reactor model) or as advective-
diffusive transport (either with a continuous stirred tank
reactor model or a more accurate full advection-diffusion
reactor model). The source term is derived from the kinetics
of the chemical reactions occurring in the soot and the wall.
For the filter scale the model is formulated for either one
(axial only) or two dimensions (axial and radial). In the
current study the two dimensional model was used, as the
objective was to not only capture the maximum
temperatures, but also the radial temperature distribution
and the regeneration efficiency.

RESULTS

PRESSURE DROP EXPERIMENTS

The pressure drop experiments were done at clean and
8 g/dm? soot load. For the soot loading in general an

accelerated method with ~5-6 g/h was used. Results are
shown in Figure 4.
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Figure 4. Effect of filter length on the pressure drop at
600 m3/h (note: Experimental data were at 8.0-8.4 g/dm?)

The clean pressure drop increases slightly with the filter
length. This is due to the increased frictional pressure
losses along the inlet and outlet channels which
represent a major contribution to the overall pressure
drop. The effect of a reduced pressure loss across the
filter wall, due to the lower wall flow velocity with
increased area, is relatively small in case of advanced
filter materials with high permeability and not sufficient to
balance the increased frictional losses.
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Figure 5. Comparison of pressure drop observed for the
same filter at a soot load of 8.4 g/dm? but different soot
loading procedure — accelerated vs. normal loading over
simulated New European Driving Cycle (NEDC).

For the soot loaded pressure drop (~8 g/dm3) the
opposite trend is observed. In this case the pressure loss
across the soot layer is significant and exceeds the
pressure loss due to friction. As a result, the effect of the
decreasing wall flow velocity for the longer filter with
higher total filtration area (and thinner soot layer) results
in a lower overall pressure drop.

As mentioned earlier, the data shown in Figure 4 were
obtained for soot loaded at accelerated conditions. Based

on our experience, this can lead to soot properties that are
different to those of soot loaded under normal engine
operation. To evaluate this effect we have also performed
one experiment in which the soot was loaded over the 8”
filter, but with the engine being operated over a simulated
New European Driving Cycle (NEDC) with a normal
calibration (EU4). This leads to a much lower soot loading
rate of ~0.5-1 g/h. Results comparing the two conditions
are shown in Figure 5. A significantly lower pressure drop
is observed for the soot generated under the conditions
with a lower soot loading rate. This would also apply to the
results with filters of different length.

REGENERATION EXPERIMENTS

The regeneration experiments were performed with all
filters at comparable inlet conditions (see example shown
in Fig. 3) and three different soot loads: 4 g/dm?, 6 g/dm3
and 9 g/dm3.
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Figure 6. Transient temperature readings during drop to
idle regeneration experiments with filters of (a) 6”, (b) 8,
(c) 10" and (d) 12" length. Shown are the readings at

different axial positions along the center line. Initial soot
load: 6 g/dm3.
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Results at Comparable Specific Soot Load

Examples of the transient temperature readings at the
thermocouples located along the central axis are shown
in Figure 6. The initial soot load in these cases was ~6
g/dm3. The switch back to idle occurred at the relative



time 0 s, shown in the diagram. Note, that constant
specific soot mass per filter volume is used in this
example. The absolute soot mass loaded in each filter
prior to the regeneration was different and proportional to
the filter volume.

One obvious conclusion from Figure 6 is that the highest
temperatures are always observed toward the end of the
filter. In addition, the maximum temperature observed
increases with the length of the filter. This effect,
however, is less pronounced the longer the filter gets.
Comparing the short and the long filters clearly illustrates
the propagation of the combustion front. For the 6” long
filter, the axial temperatures increase all within a short
period of time reaching the soot oxidation temperature.
A significant lag can be observed for the longer filters.
Here the temperature remains fairly low for a long period
until the temperature also reaches about 550-600 °C,
which then causes soot oxidation to initiate, coupled with
the release of heat.

Temperature in °C Temperature in °C Temperature in °C Temperature in °C

-100 0 100 200 300
runtime [s]

Figure 7. Transient temperature readings during drop to

idle regeneration experiments with filters of (a) 6”, (b) 8,

(c) 10" and (d) 12" length. Shown are the readings at

different radial positions in the last instrumented plan, 25

mm from the outlet. Initial soot load: 6 g/dm3.

In Figure 7 temperature readings at different radial
positions in the last plane (25 mm from the outlet) are
shown for the same experiments. From the radial
temperature readings shown in Figure 7 one can see
that in all cases the temperature next to the rim (last

open cell close to the filter skin) remains relatively cold
for all cases. For the other temperature readings one can
observe a fairly uniform temperature distribution during
the heat up phase. An exception is the 6" filter
experiment in which a radial temperature gradient can
also be observed during this phase. For this filter setup
we also had some challenges with the inlet temperature
distribution due to aging of the DOC. The uniform profile
observed for the filters with 87, 10” and 12” length (with
only a gradient close to the filter rim) is quite typical for
monolithic oxide filters, providing a good inlet distribution.
For this reason it makes sense to analyze this gradient in
particular as it induces thermal stress.

For the conditions of high rate of soot oxidation, the
temperatures increase rapidly, and we can observe that
the burning starts in the center of the filter, independent
of the length. Then the combustion zone moves toward
the outer area - when the temperature in these regions is
sufficiently high. The heating of these areas occurs by
convection but also by radial conduction. In the rim area
combustion occurs last. The time span during which the
combustion takes place at the different radial locations
increases the longer the filter gets.

Effect of the Initial Soot Load
The effect of the initial soot load for the shortest (6”) and

the longest filters (12”) is shown in Figures 8 and 9,
respectively.
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Figure 8. Transient temperature readings during drop to
idle regeneration experiments with the 6” filter at initial
soot loads of (a) 4 g/dm3 and (b) 9 g/dm3. Shown are the
readings at different axial positions along the center line.

Temperature in °C

For the 6” filter (Fig. 8) we can see that at 4 g/dm? soot
load the soot oxidation is not sufficient to provide enough
heat to keep the combustion going after the engine is
switched to idle, reducing the mass flow and heat provided
through the exhaust gas. On the other hand, at the higher
soot load of 9 g/dm? the soot oxidation occurs within a
short period of time at all axial locations (T always > T,,,).



The increase towards the end is due the accumulation of
heat.
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idle regeneration experiments with the 12” filter at initial
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1000 =)

800 |
600 |
400
2001

'

1000
800

600 b

400 7 \\\\\\-____________
200 -
-100 0 100 200 300
Runtime in s
Figure 10. Transient temperature readings during drop
to idle regeneration experiments with (a) the 8" and (b)
the 12” filter at equal initial soot mass of 16.8 g. Shown

are the readings at different axial positions along the
center line.

Temperature in °C  Temperature in °C

/

For the long 12” filter (Fig. 9) different observations can
be made. Here even the 4 g/dm? soot allow sustaining a
certain level of soot oxidation, which eventually leads to
relatively high temperatures in the rear of the filter. In the
rear of the filter the heat removal is worse and the heat
accumulation most expressed. The increase in soot load
to 6 g/dm? leads to more heat provided from the ongoing
soot oxidation, raising the level of the propagating
temperature wave. The result is that the enhanced soot
oxidation with the steep increase in local temperatures
occurs earlier. The practical implication of this difference
in behavior of filters with different length is that higher

temperatures can be expected already at lower soot
loads when long filters are used.

Comparison at Equal Absolute Initial Soot Mass

A comparison of the results obtained with the 8” and the
12” filters at an equal absolute soot mass of 16.8 g is
shown in Figure 10. In this case similar maximum
temperatures were observed, with actually the 8” case
having a slightly higher value. In this case the effect of
the length is balanced by the increased thermal mass of
the longer filter at constant total energy that is released
during soot oxidation.
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Figure 11. Effect of soot load on the maximum
temperature and regeneration efficiency.

Table 2. Slope of maximum temperature vs. soot load for
the filters with different length.

Filter length in inch 6" 8" 10" 12"
dTmax/ d(Soot Load) Exp. 93.9 704 536 655
in °C/(g/dm?) Sim. 107 703 596 51.0

In Figure 11 the maximum temperatures observed with
all filters at comparable conditions are plotted vs. the
initial soot load. As expected and already shown in the
profiles, in all cases the maximum temperature increases
with the initial soot load, following a roughly linear trend.
The lowest temperatures are found for the short filter, the
highest for the longest filter. Figure 11 also shows some
linear trend lines, fitted to the four sets of data.
Somewhat different slopes of increase in maximum
temperature vs. soot load can be identified, with the
values provided in Table 2. All values and their average
of 71 °C/(g/dm3), however, represent the typical range
observed commonly with oxide filter materials.

It should be mentioned that the maximum temperatures
observed for these filters with 8”-12” length at 9 g/dm?




soot load are outside of what would be recommended for
cordierite filters. The results show that adapted
regeneration strategies are required to allow for the
application of cordierite filters at high soot loads.

In addition to the peak temperatures, the regeneration
efficiency observed in these interrupted DTI
regenerations is provided in Figure 11. Here, the lowest
values by far are found for the short 6” long filter. For the
other three filters comparable regeneration efficiencies
were observed, mostly in the range of 50-80 percent.
Although a detailed discussion will be provided later, one
can already suspect that there is a correlation between
the temperatures observed and the regeneration
efficiency. Considering the temperature readings shown
earlier, one can see that for the short filter the
combustion stops fairly shortly after the engine is brought
back to idle; no progression of the combustion front is
visible. For the longer filters the soot oxidation is not
quenched, but as already mentioned earlier, a
combustion front propagates through the filter, enabling
higher regeneration efficiency and higher temperatures.

The effect of the soot mass burned becomes even
clearer in Figure 12 in which the maximum temperature
is plotted as a function of the soot mass burned. All data
fall into a single correlation, independent of the length.
What is interesting to note is that the relationship
observed is not linear. After an initial (linear) increase,
the maximum temperature seems to level off to a
constant peak temperature. This observation will be
discussed in more detail in the next section.
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Analysis of Radial and Axial Gradients

Besides the maximum temperatures, it is also of interest
to compare the observed maximum gradients. The
thermocouple pattern shown in Figure 2 allows
measuring the radial gradient in the region close to the
skin with a very good resolution. There are several pairs
of thermocouples with a spacing of 10 mm with one

thermocouple placed directly into the last open channel
before the skin. In Figure 13 the transient of the
maximum radial gradient measured at any of the
thermocouple pairs is shown for the examples already
described in Figure 6. The different peaks are due to the
spatial separation of the different thermocouple pairs. For
example, each peak represents the time when the
thermal wave passes one of the thermocouple pairs. The
basis of the gradient can also be understood by Figure 7
as well. The largest gradient usually occurs when the
temperature inside the filter reaches its peak while the
combustion in the rim area has not yet started (or does
not start at all.)
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Figure 13. Transients of the recorded maximum radial

and axial gradients for the regenerations shown in Figure
6. Filter length: (a) 6”, (b) 8”, (c) 10” and (d) 12”.

Usually a good correlation for oxide filters is observed
between the maximum temperature inside the filter and
the maximum radial gradient measured with these pairs
of thermocouples. A plot of the measured maximum
radial temperature gradients vs. the maximum
temperatures is given in Figure 14. One can see that
although the absolute values of the shorter filters are
lower (as shown before), the data for all filters fall into a
single correlation. The results therefore suggest that the
length does not affect the maximum radial gradient. It is
rather the maximum temperature that drives this value, in
addition to other factors such as inlet temperature, flow
distribution, and radial heat losses through the mat and
can. One should also note that the high gradients
observed in some of the experiments would lead to the



formation of some level of radial cracks with any
cordierite filter.
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Figure 14. Correlation between the maximum radial
temperature gradient and the maximum temperature.
Note: the maximum gradient is measured with one of the
thermocouples pairs located close to the skin and with
10 mm spacing.
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Figure 15. Correlation between the maximum axial
temperature gradient and the maximum temperature.
Note: the maximum gradient is measured with one of the
thermocouples pairs with 10 mm spacing

The thermocouple installation also allowed measurement
of the maximum axial gradient in the rear of the filter with
a high resolution of 10 mm (see Fig. 2). In Figure 13 the
transient of the maximum axial gradients are shown for
the examples of Figure 6. One obvious observation is
that the level of the axial gradients is generally lower
than for the radial gradients. Also, they only occur for the
short period during which the combustion front passes
through each location. In Figure 15 the measured axial
gradients are summarized and plotted vs. the maximum
filter temperature for the filters with different lengths.
Again, the comparison with Figure 14 shows the lower

level of the measured maximum axial gradients
compared to the radial gradients.

COMPARISON WITH MODEL PREDICTIONS

As we want to use the model for the analysis of the
observations, first a comparison between the simulation
and the experiments will be provided. In Figure 16 the
calculated temperature readings along the centerline are
shown for the 8” and 12” filters at equal initial soot mass
of 16.8 g. The corresponding experimental data were
shown earlier in Figure 10. Generally, good agreement
can be observed.
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Figure 16. Simulated transient temperature profiles
during drop to idle regeneration experiments with the (a)
8” and the (b) 12” filter at initial soot loads of 16.8 g total.
Shown are the data at different axial positions along the
center line.

As mentioned earlier, a key variable is the maximum
temperature of the filter. Table 3 provides a direct
comparison of the peak temperatures measured on and
predicted for the 8” filter at different soot loads. Table 3
also provides a comparison of the regeneration
efficiencies measured and predicted. For both values
good agreement is observed. It should be mentioned that
the use of a one dimensional regeneration model is
capable of capturing the maximum temperatures but the
regeneration efficiencies predicted would be much
higher. This discrepancy is caused by residual soot in
the rim area where lower temperatures are observed.
The comparison in Table 4 shows that the model can
also capture the length effect with respect to both the
peak temperatures and regeneration efficiency. The fact
is that the maximum temperature for the 10” filter is
slightly lower due to some small differences in the actual
experimental conditions. Although the soot loading was
done with a relatively tight tolerance of +/-0.5g/dm? the
actual soot load in the experiments deviated slightly from
the target values. Similar is true for the temperature
which varied, mainly due to deactivation of the DOC
throughout the test program. In the simulation this is



considered by using the appropriate boundary and intial
conditions. Therefore, the simulated results show the
same variations.

Table 3. Comparison of simulation and experiment at for
DTI regenerations with the 8 filter at different initial soot
load.

Soot Load 4 g/dm®* 6g/dm®* 9 g/dm?

T oo Experiment 858 °C 1003°C 1210 °C
Simulation 909 °C 1020 °C 1240 °C
Experiment 51 % 58 % 88 %
Simulation 67 % 82 % 82 %

n Reg

Table 4. Comparison of simulation and experiment at for
the filters with different length at equal initial soot load of
9 g/dm3.

Filter Length 6" 3" 10" 12"
Experiment 1093 °C_1210°C_ 1188 °C_ 1256 °C

maX  Simulaton  981°C  1240°C  1170°C 1220 °C
Experiment 39 % 88 % 76 % 62 %

MRes  Simulaton  14%  82%  66%  76%

More comparison has already been shown in Figure 12
where one can find the same correlation between the
soot burned and the maximum temperature for both
experiment and simulation.

Furthermore, Table 2 shows that we find the same slope
of the increase in peak temperature vs. soot load as from
the experiments.

In summary, a reasonable agreement between the
predictions of 2D model and the experimental
observations is found, covering the range of variables
considered in the study.

DISCUSSSION

To understand the impact of the filter length, one approach
is to look at the spatial distribution of the soot and the
temperature within the filter at different time steps. This is
shown in Figures 17 and 18 for the 8" and 12” long filter,
respectively, at an initial soot load of 6 g/dm3. Since these
spatial distributions are not experimentally available, we
have to rely on the modeling tools.

From the profiles in Figures 17 and 18 we can clearly
see the process of soot combustion during these DTI
experiments. Initially, the soot starts burning in the front
of the filter only (regime marked with an “a”). After the
engine is switched back to idle the inlet temperature
decreases. As a result, the soot burning in the very front
stops and some soot remains. Inside the filter then the
combustion front develops (profiles marked with a “b”)
and propagates at a relatively constant speed
(suggesting a constant burning rate) towards the filter

outlet. The analogous observations are made by looking
at the temperature profiles. For both examples (Figures
17 and 18) the profiles are shown at identical time steps,
e,g. at the beginning and from 140 s on in 10 s intervals.
Comparing the profiles for the 8” and the 12” filter shows
that in case of the shorter filter (8”) the burning at the
inlet part is significantly more effective than for the long
filter (12”). Less soot remains and the length with
residual soot is shorter.
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Figure 17. Spatial soot (bottom) and temperature (top)
profiles inside the filter at different time steps (0 s, 140 s
to 200 s in 10 s intervals). Simulation results for the L=8"
filter at 6 g/dm3. mg: actual soot load, my; initial soot
load, z/L: dimensionless length.
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Figure 18. Spatial soot (bottom) and temperature (top)

profiles inside the filter at different time steps (0 s, 140 s

to 260 s in 10 s intervals). Simulation results for the

L=12" filter at 6 g/dm3.. mg: actual soot load, mg: initial

soot load, z/L: dimensionless length.

The profile of the combustion front looks very similar in
both cases and we can immediately recognize that the
reaction front is propagating at a higher velocity ahead of



the thermal wave. The thermal wave is characterized by
the smooth increase in the temperature profiles
downstream of the maximum temperature value of each
curve. The profiles are actually showing the cooling by
the colder inlet gas. The propagation of the thermal wave
occurs at a velocity of roughly u,=1.27-1.28 mm/s, in line
with the theoretical value [10] obtained from

n-c

Up =—
Acpr €, " Pepr

with m as mass flow, ¢, and ¢, as heat capacity of
the gas and solid, respectively, 4cpr as frontal area and
pcrr @s bulk density of the filter.

The propagation of the reaction front can be clearly seen
by the soot profiles and the steep decline in the
temperature profiles (right part of the temperature profiles).
Downstream the temperature is still low as the reaction
has not yet reached this area. Upstream, reaction has
taken place. The propagation velocity of the combustion
front is roughly 2.9 mm/s. This is also in perfect agreement
with the theoretical value for the propagation velocity [10],
for which we have to use the information about the oxygen
consumption 4wy, between inlet and outlet

m-Aw,,
Acpr - (ms /VCPF)

Up =

with m, and Vepr as soot mass and filter volume,
respectively. The propagation at constant rate can also
be seen from the transient oxygen concentration
measured at the filter outlet. In Figure 19 this is shown
for experiments with all filters at an initial soot load of ~8
g/dm3. The area between the inlet oxygen concentration
and the outlet concentration is proportional to the amount
of carbon burned (e.g. the time integral of mass flow
times the difference between the inlet and outlet oxygen
concentration, assuming full conversion of any gas
phase HC or CO by the upstream DOC).
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Figure 19. Experimental oxygen concentration up and
downstream of the filters with different length during a
drop to idle experiment at equal specific soot load of 8
g/dms.
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Figure 20. Oxygen consumption rate during the DTI
experiments shown in Figure 19. Initial soot load 8 g/dm3.

This rate of oxygen consumption is shown in Figure 20.
After a rapid initial increase in consumption and
decrease in the oxygen concentration during the first
seconds, the rate of consumption and the outlet oxygen
concentration remains relatively constant until the soot
combustion ends. Then the oxygen consumption
decreases to zero and the outlet concentration equals
the inlet. Integrating the oxygen consumption rate and
comparing it to the related mass of carbon burned yields
a good agreement. When comparing the results for the
filters with different lengths we observe that the initial
peak in oxygen consumption is comparable for all filters.
The plateau values in oxygen consumption and outlet
concentration are also similar, although a slight
increasing trend can be seen when going from 8” to 12”.
For the short filter, however, no real plateau is formed
but the consumption instead goes through a short peak
with the maximum rate being the highest for any filter
length. In this case the combustion takes place in a large
portion of the filter throughout the entire regeneration
process; a combustion front propagating through the
filter is not formed.

The impact of the soot load on the oxygen consumption
is shown in Figure 21. Results shown are from the
simulation. The qualitative profiles with a short initial
peak followed by the plateau are also observed in the
simulation, showing again good agreement with the
experiment. Comparing the results at different soot loads
delivers the expected increase in consumption, e.g. low
oxygen outlet concentration when the soot load is higher.
Also influenced by the soot load is the significance of the
initial peak in consumption, as well as the duration during
which oxygen is consumed (or soot is burned). The
differences in the duration of the oxidation phase can be
well understood considering the results discussed above.
The increase in soot load results in an increase in the
temperature level and a more than proportional increase
in the oxygen consumption 4dwy,. The combined effect is
acceleration in the velocity at which the reaction front
propagates.
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Figure 21. Simulated oxygen concentration up and

downstream of the 8” filter during DTI experiments with

different initial soot load.
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Figure 22. Impact of filter length on the maximum
temperature relative to a filter with 8” length (top) and
conversion to a relative soot mass limit relationship
based on the experimental data and an assumed
d(T,)/d(Soot Load) = 70 °C/(g,,/dm3). Symbols
represent data from experiments with different calibration
and soot load.

For the practical application the effect of the filter length
on the maximum soot capacity of a filter is important
information. Usually, the maximum soot capacity of a
filter is determined by the maximum temperature that
occurs during worst case conditions, such as the drop to
idle experiments discussed in this paper. For a given
material this maximum temperature could be assumed to
be independent of the filter length or size. One way to
estimate the impact of the filter length on the soot
capacity is to extract the maximum temperatures

observed with the filters of different lengths and compare
them at equal specific soot loads. This is shown in the
top part of Figure 22. The differences in peak
temperatures observed are normalized with the values
found with the 8 filter, which is used as reference. To
convert this into the effect on the soot mass limit of a
filter, we can make use of the correlation between the
increase in peak temperature and soot load, which we
have described earlier (see Figure 11 and Table 2). An
average gradient of ~70 °C per g/dm?3 in soot load was
found (in both the experiments and the simulations). If
we now divide the relative peak temperatures shown in
Figure 22 (top) by this average gradient, we can obtain
an estimate of the impact the length has on the soot
mass limit, shown in the bottom of Figure 22. As we have
used the 8” as reference the data are relative to this filter
length.

Due to the scatter in the experimental data the
correlation is a band, not a narrow line. Nevertheless, the
data shown in Figure 22 can help to estimate the impact
the filter length can have on the soot mass limit. One
conclusion is that increasing the filter length for example
from 6” to 12" does not double the absolute soot mass
capacity of the filter (in grams). Instead there is some
penalty due to the lower specific soot capacity (in g/dm3)
of the longer filter. Although derived for cordierite filters,
the results shown in Figure 22 are expected to be also
useful to make estimates for other oxide filters with low
thermal conductivity as the physics are similar.
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Figure 23. Impact of the length to diameter ratio, L/D, for
filters with constant volume of 2.78 dms. Maximum
temperature and regeneration efficiency for DTI
regenerations at 6 g/dm? initial soot load. Pressure drop

at 600 m3h.

Pressure Drop in mbar 600m3®h

So far we have only evaluated the influence of the filter
length at equal diameter or frontal area. Another relevant
option is the design for different length to diameter ratios
for filters with equal volume. Simulated results for a



constant filter volume of 2.78 dm3 are shown in Figure
23.

For the maximum temperature during DTl no major
differences are observed under the used conditions. The
regeneration efficiency is also relatively constant. The
strongest impact of the L/D ratio is on the pressure drop.
Results are shown for the clean and soot loaded (6
g/dm3) filter at 600 m3/h. Due to the increase in frictional
pressure losses, which scale linearly with the length, a
roughly linear increase in pressure drop with increase in
length to diameter ratio (L/D) is observed. This
demonstrates that for practical applications filters with
low L/D ratio are favorable.

CONCLUSION

The effect of the filter length on the pressure drop and
regeneration behavior of oxide diesel particulate filters
has been discussed in detail by means of experimental
data and detailed numerical simulations. The clean filter
pressure drop increases with the filter length. The limiting
factor is the friction along the channels. For the soot
loaded state the opposite trend is observed: the lower
wall flow velocity dominates, leading to lower losses
across the soot layer.

For the worst case regeneration experiments, generally
equal or lower temperatures were observed with shorter
filters. This is partially related to the amount of soot
available for combustion, as we have found a good
correlation between the soot mass burned and the
maximum temperature. For the experiments performed,
a significant length effect has been found between 6” and
8", whereas the differences between 8" and 12” were
less significant. The length effect has been combined
with the observed correlation between initial soot load
and peak temperature (Fig. 22) to allow for a rough
estimate of the influence the filter length has on the soot
mass limit of the filter.

The maximum filter temperature has been found to
correlate well to the maximum radial and axial gradient
inside the filter. This value can therefore be used for
guidance if limited temperature information is available.

The simulation tool has been used to analyze the
experimental findings and to illustrate the phenomena
occurring during the worst case regenerations. It was
shown that the overall process is determined by the
differences in the propagation of the combustion front
and the thermal wave. For the range of conditions
studied, the latter was always slower. For the longer
filters, stable conditions were reached with constant front
propagation and constant oxygen consumption / soot
burning rate.

With respect to the length to diameter ratio, L/D, low
values have been found to provide the best results,
especially with respect to pressure drop.

The data and results reported in this paper are based on
tests conducted using certain apparatus and conditions
with specific vehicles, systems, components, coatings,
catalysts, and /or controls. Results in other applications
may differ based on conditions, apparatus, and other
factors, including but not limited to the vehicles, systems,
components, coatings, catalysts, and controls used.

ACKNOWLEDGMENTS

The authors want to thank Thomas Blrgermeister and
Marco Burkard from ElringKlinger Motortechnik GmbH
for the excellent execution of the experiments, Maxim
Sokolov and Leslie Button from Corning Incorporated for
their contribution to the development of advanced
regeneration model.

REFERENCES

1. Kercher L., Rose D., Boger T., W.A. Cutler, R.
Dorenkamp and T. Duesterdiek. “Application of a
New Filter Material in Volkswagen’s Diesel
Particulate Filter Systems”. 3 Emission Control
Conference, Dresden 2006.

2. Rose D., O.A: Pittner, C. Jaskula, T. Boger, T.
Glasson and V. Miranda DaCosta. “On Road
Durability and Field Experience Obtained with an
Aluminum Titanate Diesel Particulate Filter’. SAE
2007-01-1269

3. Cutler W.A., T. Boger, A.F: Chiffey, P.R. Phillips, D.
Swallow and M.V. Twigg. "Performance Aspects of
New Catalyzed Diesel Soot Filters Based on
Advanced Oxide Filter Materials”. SAE 2007-01-
1268

4. Adelman B., Karkkainen A., P. Berke, A. Heibel, T.
Parker and D. Pickles. “Development and Application
of a US-EPA 07 Particulate Filter System for a 7.6l
I-6 Medium Duty Truck Engine. 15" Aachen
Kolloquium Fahrzeug- und Motorentechnik, Aachen
2006.

5. Heibel A. and U. Zink. “Lésungen zur Einhaltung der
Grenzwerte  fur  Nutzfahrzeugemissionen  der
néchsten Dekade basierend auf EPA 2007 und EU
V“ (engl. ,Technical Paths to Emission Regulation
Compliance of Commercial Vehicles in the NExt
Decade based upon Solutions for EPA 2007 and
EUV”). MTZ (68) 07-08/2007, p. 570-574

6. Boger T., D. Rose, I.-C. Tilgner and A.K. Heibel.
“Regeneration Strategies for an Enhanced Thermal
Management of Oxide Diesel Particulate Filters”,
paper submitted to SAE 08PFL-510

7. Bhatia G. and N. Gunasekararan, “Heat-Up of Diesel
Particulate Filters: 2D Continuum Modeling and
Experimental Results”, SAE 2003-01-0837



8.

10.

Mizutani T., M. Ito, N. Masukawa, S. Ichikawa, K.
Yuuki, H. Kurachi, T. Toyoshima, T. Ito, |. Lappas, A.
Schaefer-Sindlinger and C.-D. Vogt. “The Study for
Structural Design of the Segmented SiC-DPF”, SAE
2006-01-1527

Ohno, K., K. Shimato, N. Taoka, H. Santae, T.
Ninomiya, T. Komori and 0. Salvat.
“Characterization of SiC-DPF for passenger car®,
SAE 2000-01-0185

Salden A. ,Adsorption / Incineration Processes for
Waste Gas Purification“. PhD Thesis, University of
Stuttgart (2001)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 30%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


