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ABSTRACT

Diesel particulate filters are expected to be used on most
passenger car applications designed to meet coming
European emission standards, EU5 and EU6. Similar
expectations hold for systems designed to meet US Tier 2
Bin 5 standards. Among the various products oxide filter
materials, such as cordierite and aluminum titanate, are
gaining growing interest due to their unique properties.
Besides the intrinsic robustness of the filter products a well
designed operating strategy is required for the successful
use of filters. The operating strategy is comprised of two
elements: the soot estimation and the regeneration
strategy. In this paper the second element is discussed in
detail by means of theoretical considerations as well as
dedicated engine bench experiments. The impact the key
operating variables, soot load, exhaust mass flow, oxygen
content and temperature, have on the conditions inside the
filter are discussed. Their practical relevance and the
ability to use them for control purposes is analyzed.
Guidelines are presented that should be considered when
applying oxide diesel particulate filters. The differences
between oxides and materials with higher thermal
conductivity are discussed with respect to the relationship
between regeneration conditions and the achievable
regeneration efficiency. Experimental data show benefits
for oxide materials vs. SiC, expected to come from their
low conductivity. For the regeneration strategy a simple
approach is proposed and illustrated by means of
examples. The benefits of a staged regeneration approach
are discussed, using two temperature levels during the
regeneration.

INTRODUCTION

The application of particulate filters to European
passenger cars with diesel engines continues growing at a
fast rate. For the next level of European emission
legislation for passenger cars, EUS5, it is expected that
most diesel engines will have to be equipped with a diesel
particulate filter to meet the further reduced emission
standards. While most initial filter installations have been in
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the underfloor position, a trend can be observed that
whenever possible the filter component is installed as
close to the turbo outlet as possible (close coupled
installation). Although beneficial for the operation due to
the reduced heat losses and more passive regeneration,
this integration into the engine compartment goes along
with significantly tighter packaging constraints. As a result,
filters are designed smaller than they have been in the first
applications. Since the maximum soot capacity is usually
related to the soot mass per volume of filter this may
impact the operating strategy. Whereas for current
European EU4 passenger car emission legislation the
particle filter was not always required to meet the particle
emission targets, this may change for the enhanced
requirements of coming EU5 and especially EU6 and US
Tier 2 Bin 5 regulations. Significantly reduced particulate
emissions, mass and, at least in Europe, also number may
have to be met in combination with longer lifetime
requirements. To meet these requirements robust filter
solutions as well as advanced filter operating strategies
may be required. For the filter different materials are
available today. While first passenger car applications
included SiC filters, oxide based filter products, such as
aluminum titanate and cordierite receive increasing
attention [1]. Aluminum titanate filters (DuraTrap® AT) have
been in series production since 2005 with more than
750,000 filters already on the road today [2, 3]. Cordierite
filters are a standard solution for heavy duty applications to
meet current US 2007 regulations and are expected to be
used in some passenger car series applications by 2008
[4, 5].

With respect to the operating strategy two key factors
can be identified: (a) the estimation of the soot
accumulated on the filter and (b) a robust and reliable
regeneration strategy.

Although significant progress has been made [11], the
estimation of the soot load by open loop models or
closed loop estimation based on a pressure difference
across the filter is still subject to uncertainty. This is
partly driven by the complexity of this task [6, 7], limited
resources to apply and calibrate complex models as well



as inaccuracies in sensors (mass flow, temperature, and
pressure) used for the estimation. Within this paper we
will not discuss these topics but only consider the
uncertainty in actual soot mass with respect to the
relevance for the regeneration strategy.

The regeneration strategy should allow for a reliable and
safe burning of the accumulated soot under all driving
conditions. It should also allow for a fast enough
regeneration process but, at the same time, manage this
burning rate within certain boundaries as it is
accompanied by a significant release of heat. Options for
this thermal management will be discussed in this paper.
We will use theoretical arguments and simulation results
as well as results from engine bench experiments with
different engines and oxide diesel particulate filters
(aluminum titanate and cordierite).

GENERAL ANALYSIS OF THE FILTER
REGENERATION PROCESS

Under normal operation of passenger cars the exhaust
conditions may not guarantee a continuous oxidation of
soot by either oxygen or nitrogen dioxide. Therefore,
active regeneration strategies may have to be applied.
Today, these are based on increasing the temperature to a
level where the oxidation with oxygen occurs at a sufficient
rate (usually at T > 550-600°C) [5]. Fuel born catalysts can
be used to lower the oxidation temperature [8]. However,
many OEMs have chosen not to use this technology.

An effective approach to analyze the regeneration
process is to use a simple O-dimensional model..
Although not capable of exactly describing all the
phenomena occurring in a particulate filter it is well suited
to understand the general trends, parameters and
develop some strategies. The model is well described by
a single energy balance and two mass balances, one for
oxygen and one for the soot.
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as simplified reaction rate expression for the oxidation of
soot by oxygen. In this expression we have replaced the
oxygen partial pressure by the mass fraction, as the
pressure is assumed to be constant. The soot is
represented by its mass, although the surface area
would probably the more accurate parameter.

From equations (1) through (4) we can identify the key
operating variables for the active regeneration:

o the soot mass on the filter, 7.

e the oxygen concentration, W, ;,

e the temperature, T,

e the mass flow of the exhaust, 1

The first two basically determine the amount of oxidation
reaction that can take place, Rcp,. As the oxidation
reaction is exothermic, they also determine how much
heat can be released (first term in eqn. (1)). The soot
mass is determined by the target value of the design and
strategy, plus the uncertainty from the estimation, e.g.
this is where the two key elements of the operating
strategy, soot load recognition and regeneration, are
linked with each other. The oxygen concentration, wo; ;x,
usually depends on the engine operation (especially the
load) but can be manipulated to some extend through the
use of EGR or intake air throttling as well as oxidation
with additional fuel injected late in the combustion cycle
or directly into the exhaust (note, that the latter
“converts” the oxygen into temperature, one of the other
key variables) [9]. Besides the oxygen concentration the
oxygen mass (or mole) flow can be relevant, e.g. the
product of oxygen concentration and exhaust mass flow
(first term in egn. (3)). This value represents one limit for
the rate R..p, at which the oxidation of soot can take
place. The rate of the oxidation reaction may be
furthermore determined by the temperature in the filter
(see eqn. (4), Arrhenius law). As can be seen from eqn.
(1), this temperature is a function of the temperature of
the exhaust gas that enters and leaves the filter (second
term) and the heat released during oxidation (first term).
As the reaction is exothermic the rate is self accelerated
if egn. (1) is positive, e.g. the heat released during the
oxidation exceeds the heat removed. To achieve a
sufficient reaction rate the exhaust gas temperature first
may have to be raised to heat the filter. However, care
has to be taken that the rate of reaction and heat release
does not exceed the rate at which heat can be removed
from the system. This requirement leads to the fourth key
parameter, the mass flow. As the filter generally can be
viewed as adiabatic (especially oxide filters with low
thermal conductivity), the dominant mechanism for heat
removal is by convection. The amount of convective heat
flux is proportional to the mass flow and the filter
temperature.

During vehicle and engine operation, out of the four
variables the oxygen concentration and mass flow can
be influenced only within certain limits [5, 9]. The mass
flow usually is directly related to the required power. It
can be reduced but usually it is quite difficult to increase
it. Similar constraints apply to the oxygen concentration.



The soot mass is determined by the target regeneration
distance and the engine out emissions. Therefore, it is a
variable that can be set to different targets but it is not a
free operating variable during the regeneration. The impact
of the soot load on the peak temperature within the filter is
quite significant and may follow a roughly linear
relationship (within typical ranges of soot loads). Examples
for the impact of soot on the peak temperature are given in
Figure 1. Shown are data obtained during drop to idle
experiments with a EU4 engine and a catalyzed aluminum
titanate filter. The typical slope of about 70°C increase in
peak temperature per g/dm? increase in specific soot load
can be observed. This relationship will be used later for the
design of a suitable strategy.
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Figure 1. Example for the relationship between peak
filter temperature and initial soot load during drop to idle
regenerations. Engine: EU4; filter: aluminum titanate.
Symbols represent different filters and experiments.

One relatively free variable to work with during the
regeneration step is the exhaust gas or filter inlet
temperature. During active regenerations the exhaust
gas temperature may be increased anyway by modifying
the engine operation.

For this reason, strategies that use the inlet temperature
as primary control variable are the focus of this paper.

EXPERIMENTAL SETUP AND PROCEDURES

The experimental data used in this paper were generated
on the engine bench using different engines, all with
modern EU 4/5 common rail fuel injection, cooled EGR,
intercooler, intake air throttle etc. Cordierite and
aluminum titanate filters in  300cpsi/15mil and
300cpsi/13mil cell density/wall thickness, respectively,
were used. The filters had different diameters and
lengths, and were installed in close-coupled as well as
underfloor type position. The filters were all instrumented
with a large number of thermocouples to capture the
maximum temperatures, the spatial temperature
distribution and the maximum radial and axial

temperature gradients. In all cases a DOC was used
upstream of the filter.

Only regeneration experiments are considered. The
initial soot load was adjusted through a loading step on
an engine bench. The actual soot mass was measured
by weighing the filter and subtracting the clean weight.
The loading was done to achieve the target soot load
within roughly £0.5 g/dms.

For the regeneration the filter was initially stabilized at
250-300°C for a few minutes. Then the active
regeneration step was activated. For steady state
regenerations this mode was kept for a desired duration.
For severe drop to idle regenerations the engine was
switched into idle after a certain criterion was reached,
either inlet temperature or time. Then the engine was
kept in idle mode for several minutes. At the end of the
regeneration the soot mass was measured again to
determine the amount of soot burned. Then the filter was
fully regenerated prior to the next test cycle.

THEORETICAL ANALYSIS OF STRATEGIES

In this section we will have a closer look at the impact the
operating variables have on the thermal conditions within
the filter. Modeling and experimental data will be used.

In theory the maximum temperature that can be
achieved in an ideal homogeneous system can be
described by the adiabatic temperature rise assuming
one of the reactants is limiting. At high oxygen
concentration and sufficient flow, soot is the limiting
reactant and the theoretical maximum temperature rise
can be described by the adiabatic temperature rise

TS = mc'(_AHR)

ad —
M -Viopr - P e
based on soot combustion, eqgn. (5).

)

This value is independent of the mass flow as it assumes
instantaneous oxidation of all soot (infinite rate, enough
0,). The value is, however, related to the ratio of the soot
mass and the heat capacity of the filter.

If the oxygen concentration is low the rate of combustion
is determined by the rate at which oxygen is supplied to
the system and the rate with which the heat is removed
by convection. Both are proportional to the mass flow,
and the adiabatic temperature rise based on oxygen
consumption is independent of the flow rate, eqgn. (6).
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With X, being the conversion of oxygen. The maximum
adiabatic temperature rise is obtained at full conversion,
e.g. X02= 1.



Both values represent limiting values for an ideal mixed
(OD) system. In real filters the spatial effects leading to
the propagation of a combustion front can lead to
temperatures that exceed the adiabatic temperature rise.
Using eqn. (5) and (6) to determine conditions under
which the maximum temperature rise is limited by the
soot available or the oxygen supplied to the system
(assuming Xp,= 1) can be a valuable exercise. Although
the theoretical approach is limited by lack of spatial
effects and information about the actual oxygen
conversion (which is determined by kinetics) it should
give directionally useful results. The soot and oxygen
concentration at which the limit in adiabatic temperature
rise is transitioning from the soot into the oxygen limited
regime can be obtained from the combination of eqn. (5)
and (6). We obtain a linear correlation in which the
density of the filter is the only variable, as the heat
capacity of the exhaust gas and most materials is
assumed roughly constant. A plot of the transition
conditions for different filter densities is shown in Figure
2. The filter densities used, cover the range of typical
products used today (note: the bulk density of the filter
matrix only is assumed). For the conditions above the
lines the maximum temperature rise is theoretically
determined by the amount of soot present. Below the
lines the oxygen concentration is limiting. Although the
lines suggest a hard transition from one regime to the
other, it has to be kept in mind that under practical
conditions this transition will be more gradual.
Nevertheless, the simplified analysis can help to obtain
an indication of the generic regimes.
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Figure 2. Transition from soot to oxygen limitation in
maximum adiabatic temperature rise (Xp,= 1).

From Figure 2 we can see that for typical soot loads and
complete oxygen conversion one has to reduce the
oxygen well below 10% to become limited in oxygen.
Assuming a more realistic oxygen conversion of 50%
shifts the limits to two times higher oxygen levels. Still
oxygen levels well below 10% are needed. This result is

in agreement with experimental results from engine
bench and laboratory setups. Achieving such low oxygen
concentrations is manageable during normal engine
operation with some load applied to the engine. In idle
and motoring, however, this is very challenging and can
often not be warranted.

In Figure 3 results obtained with the 0D model for steady
state regenerations at a high initial soot load of 10g/dm?
are plotted, showing the effect of the inlet temperature
and the oxygen concentration. Results are given for
three typical mass flow rates of 50kg/h, 100kg/h and
200kg/h representing slow urban, extra urban and
highway driving (4 cylinder engines). Parameters used
are given in Table 1. As the OD model can not capture
the axial accumulation of heat along the filter length the
results should be considered as qualitative only (this will
be discussed in more detail later).

From Figure 3 we can see the effect of oxygen
discussed before. At high inlet temperatures (e.g. 700°C)
the reaction rate is fast. We can see that only below 5%
oxygen a significant effect can be observed. Above the
available soot limits the temperature increase. For lower
temperatures this transition is similar but shifted to higher
oxygen concentrations as the lower reaction rates lead to
lower conversions.

The effect of the inlet temperature can also be seen from
Figure 3. In general there are two contributions on the
maximum temperature. One is trivial and simply the
modification of the baseline temperature onto which the
temperature rise due to combustion is added. The other
one is determined by the impact on the reaction rate and
the ratio between heat released to heat removed by
convection. From egn. (1) and (4) one can see that the
heat removed from the system is linearly proportional to
the filter temperature and mass flow whereas the heat
released is exponentially dependent on the filter
temperature. Due to the exponential character the
transition range is fairly narrow.

Table 1. Basic model parameters used in 0D model.

Parameter Value Unit
Filter Volume 3 am?
Filter Density 680 g/dm?3
Filter Heat Capacity 0.8 J/gK
Activation Energy 155 kJ/mol

Comparing the results shown in Figure 3 (a) through (c)
shows that the mass flow may also have an effect on the
conditions under which the transition takes place.
Another example, including some experimental data from



steady state regenerations at 10g/dm® on engine bench
is shown in Figure 4. At high flow rates the transition is
shiffed to higher temperatures and oxygen
concentrations. This is due to the increased heat
removal, which is linear in mass flow. The qualitative
behavior, however, remains the same.
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Figure 3. Influence of the inlet temperature on the peak
temperature at 10g/dm3 initial soot load. Diagrams show
results at different mass flow: (a) 50kg/h, (b) 100kg/h and
(c) 200kg/h. OD model with parameters given in Tab. 1.

The discussion so far has been based on simplified
assumptions. As mentioned will the actual temperatures
observed in experiments be different. The general
conclusions, however, can still be used. With respect to
the development of a strategy we can summarize as
follows.

The soot load defines the maximum heat load applied to
the filter. We can estimate the maximum temperature
rise through egn. (5). The maximum temperature
observed during real regenerations can be higher due to
the effects of the propagation of the combustion and
temperature front and the accumulation of heat, leading
to temperatures in excess of the adiabatic temperature
rise. The objective of the regeneration strategy is to
provide maximum temperature below the limits of the
filter material.

For the oxygen we have seen that levels below 7-10%
may achieve a reasonable effect. These levels can be
achieved during normal operation but are very
challenging for the low flow rate conditions at idle and
overrun. Most methods to reduce oxygen (throttling,
EGR use) also lead to a decrease in the exhaust mass
flow. As we have seen that decreasing the mass flow
shifts the limiting oxygen concentration to even lower
values one may guess that this might not necessarily
lead to the desired result. One important parameter to
work with is the filter inlet temperature. Through the
control of the inlet temperature we may influence the rate
at which the soot is burned and heat is released. This
can be done independent of the flow rate and oxygen
level, although different temperatures may be applied
depending on the actual mass flow, oxygen
concentration and soot load.
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Figure 4. Example of influence of the mass flow on the
maximum temperature during steady state
regenerations. Experiments from engine bench with a
3dm?e aluminum titanate filter. Soot load was 10+2 g/dms,
inlet temperature: 630°C, oxygen: 7-8%.



EXPERIMENTAL EVALUATION OF THE IMPACT
OF THE REGENERATION TEMPERATURE

In the previous section we have discussed the influence
of the operating variables based on theoretical
considerations. In this section we will try to further
explore the use of the inlet temperature to manage the
regeneration and to quantify the results based on
dedicated engine bench experiments in which the
findings discussed in the previous section have been
implemented and tested. From the previous section it
was indicated that especially low flow rate conditions are
noteworthy, especially when high oxygen concentrations
are available at the same time. In practical operation
such conditions frequently occur when the engine is
switched to idle or into overrun or motoring, e.g.
approaching a traffic light, a traffic jam or a highway exit.
These events represent aggressive operating conditions
and are used to test the system behavior for different
strategies on engine bench. An example of the
temperature readings inside a filter during such a drop to
idle (DTI) experiment is shown in Figure 5. The lower line
shows the engine speed and the event when the engine
is switched to idle speed (no load) at the normalized time
0s. Prior to the DTI event we can see the heat up of the
filter with all thermocouples increasing within a short
timeframe. After the DTI the temperature in the front of
the filter decreases as the exhaust temperature in idle is
lower (post injection off). The temperature at the other
locations first increases as the soot present is oxidized
and heat is released. The downward portion of the
temperature transients, e.g. the cool down, represents
the tail end of the thermal wave propagating through the
filter. The larger separation between the lines compared
to the heat up demonstrates the slow velocity of the
thermal wave due to the low flow rate.
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Figure 5. Example of the temperature readings during a
drop to idle regeneration.

INFLUENCE ON THE MAXIMUM FILTER
TEMPERATURE

In the previous section we have already seen how the
regeneration temperature affects the peak temperature
based on the 0D model. In Figure 6 results are shown
from experiments similar to the one shown in Figure 5
but in which the regeneration temperature was varied
over a wide range. To achieve the different regeneration
temperatures different engine calibrations were used,
mainly through variation of the late post injection. Results
are shown for different initial soot loads. In all cases we
can see a roughly linear trend, usually having a slope of
increase in peak temperature per increase in inlet
temperature of 2 - 4 °C/°C.
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Figure 6. Influence of the inlet temperature on the
maximum temperature during a drop to idle regeneration.
Filter: cordierite, 5.66” x 6”.
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Figure 7 shows similar data, this time the peak
temperature measured within the filter is plotted versus
the initial soot load at different regeneration temperatures
(or strategies). From Figure 6 and 7 we can already see
that using a “mild” strategy with lower inlet temperatures
may allow for operation at higher soot load. Indication
that at lower temperatures the speed of regeneration,
e.g. the soot burning rate, may also be lower will be
addressed later.

During highly transient vehicle operation we also have to
consider that the temperature control is very difficult and
the actual inlet temperature can be higher than desired.
An experiment in which we have tried to simulate these
conditions is shown in Figure 8.
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Figure 8. Examples of steady state regeneration at a low
mass flow rate and high soot load. Left: smooth
temperature increase. Right: temperature increase with
oscillations around target temperature.

In the left diagram an “ideal” regeneration, as typical in
steady state engine bench experiments is shown. The
soot load was quite high and a challenging low speed,
low load operating point with low exhaust mass flow was
chosen. In the right diagram results from an experiment
on the same test setup and soot load is shown during
which the inlet temperature (T,,........) Was calibrated to
the same steady state value of 630°C, but initially
oscillated during ramp up. The peak inlet temperature
was about 40°C higher and reached for a short moment
roughly 670°C. The effect of this higher temperature,
even if reached only for a short time can be seen from
the filter temperature (representing the maximum
temperature in the filter, measured in the rear for the
filter). An almost 150°C higher temperature was
observed. In Figure 9 this and the results from other
experiments in which the oscillations reached other
maximum inlet temperatures are shown.

Similar to Figure 7 we can see a roughly linear
relationship. Considering typical dispersion in actual inlet
temperatures  during  vehicle  operation, target
temperatures of 600-630°C are suggested, if a
regeneration strategy with a single and fixed target
temperature is applied (aluminum titanate at the higher
end, cordierite at the lower end). This temperature level
usually allows for an acceptable regeneration rate at not
too aggressive conditions.
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Figure 9. Influence of the maximum inlet temperature
during regenerations with oscillating inlet temperature.
Data point “A” represents the experiment shown in the
left diagram of Fig. 8, “B” represents the right diagram.
Soot load: 10g/dm3.
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INFLUENCE ON THE REGENERATION EFFICIENCY

As mentioned before the regeneration temperature may
also determine the soot burning rate and regeneration
progress during active regenerations. To avoid excessive
fuel penalties and problems with oil dilution (in case of
late in-cylinder injection) short regeneration times may be
desired. Typically, durations of 10min to 15min are found
in light duty systems and may be viewed as acceptable.

The influence of the regeneration time and temperature
is shown for an example system in Figure 10. Shown is
the regeneration efficiency as a function of time as well
as the soot burning rate, obtained from the results at a
regeneration time of 5 minutes. All data were generated
in dedicated engine bench experiments. The soot mass
was determined gravimetrically and not by using the
change in pressure drop. The latter was found to be not
very accurate during regeneration events. In the
experiments we also tried to minimize the additional soot
burning that usually occurs when the regeneration is
stopped but the filter remains hot. To minimize this effect
the filter was “quenched” by rapidly increasing the mass
flow and decreasing the exhaust temperature (e.g. high
engine speed and low load).

Also included in Figure 10 are calculated data (lines),
which were obtained by using a isothermal model, eqgn.
(2), with a rate expression like egn. (4) with first order in
soot and oxygen (m=n=1, note oxygen was kept roughly
constant in the experiments).. For the activation energy a
typical value of 165kJ/mole was used.

From Figure 10 the effect of the temperature and the
time in this example system can be seen. At low
temperatures, such as 550-570°C, already some soot
oxidation occurs but at a relatively low rate. Around
600°C the burning rate starts to increase exponentially.



For the given system regeneration temperatures in the
range of 600 to 630°C seem to provide the desired
regeneration time and efficiency. With other systems and
engines we have observed somewhat higher soot
burning rates allowing for higher regeneration efficiencies
at the given temperatures and shorter times.
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Figure 10. Influence of the regeneration time on the
regeneration efficiency and soot burning rate. Controlled
regeneration (steady state) at medium engine speed and
load; catalyzed aluminum titanate filter.
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Figure 11. Influence of the regeneration temperature on
the regeneration efficiency during steady state
regeneration experiments. Comparison of filter with
different thermal conductivity.

In Figure 11 data obtained with a different engine,
aftertreatment setup and different filter materials are
shown. All regeneration experiments were performed
under identical conditions (soot load, oxygen, mass flow,
time, filter size). The comparison between the results
with the different materials shows that higher efficiencies
may be obtained with the low conductivity oxide filter
material, aluminum titanate. Even between the two SiC

materials the trend holds with the less conductive SiC
indicating somewhat higher efficiencies. For the practical
application this difference can be used to calibrate for
lower target regeneration temperatures when oxide filter
materials are employed. As a rough guideline, typically
20-30°C lower temperatures are suggested.

The results in Figure 10 and 11 have been obtained
under steady state regeneration conditions. Another
important design consideration is the regeneration
efficiency under transient conditions, such as they may
occur during urban stop and go ftraffic. In Figure 12
results are shown from experiments which were
designed to evaluate this situation. In this case the
regeneration was interrupted by switching the engine into
idle mode (active regeneration modes is turned off). The
switch to idle and interruption of the regeneration was
done after different time periods with the active
regeneration on (shown as “regeneration time” in Figure
12). One observation from Figure 12 is that a similar
correlation between time and regeneration efficiency is
observed as before. Figure 12 also provides a
comparison between different filter materials. Two oxide
filters, cordierite (AC) and aluminum titanate (AT) and
one silicon carbide. All had similar catalyst load and were
tested in the same setup and on the same engine.
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Figure 12. Influence of the time after which the engine is
switched to idle on the regeneration efficiency during
drop to idle regenerations. Data for cordierite (AC),
aluminum titanate (AT) and SiC filter.

For long periods with active regeneration on, all filters
behave similarly. For short periods after which the
regeneration is interrupted, the two oxide filter products
cordierite (AC) and aluminum titanate (AT) may deliver
higher regeneration efficiencies compared to SiC. This is
quite useful information for the application as it enables
better regeneration during highly transient city driving.
The basis for this difference is that the lower thermal
conductivity of the oxide filters helps to keep the heat
within the filter and minimizes dissipation of it.

EXAMPLE OF A STAGED REGENERATION

In the previous sections we have discussed the
relationship between the initial soot load and



regeneration temperature as initial and boundary
conditions for the regeneration and the maximum filter
temperature as one key resulting variable characterizing
the thermal stress applied to the filter material. Generally
high soot load and regeneration temperatures can lead
to high peak temperatures, if non-optimal conditions with
respect to flow and oxygen occur. The soot load is
typically defined by the target regeneration interval and
the engine emissions and not a free variable. Therefore,
to always maintain suitable conditions the regeneration
temperature may have to be adjusted according to the
actual soot load. Initially, when the soot load is high a low
temperature (mild strategy) may be applied whereas a
higher temperature (aggressive clean out strategy) can
be used at the end of the regeneration, when most soot
is burned. This is shown schematically in Figure 13 and
was conceptually also discussed in [10, 11]. One
practical difficulty is that estimating the actual soot mass
during the regeneration process is even more difficult
than during the normal operation. The pressure drop
based estimate is challenging as the burning usually
does not occur uniformly. This may lead to a highly non
linear and difficult to capture pressure drop response
with respect to the soot load [6]. The use of sophisticated
soot combustion models is possible but significant
calibration effort may be required [11]. Even then the
quality of the estimate may not be sufficient during
transient operating conditions. For this reason one
alternative simple approach may be to use a staged
regeneration approach in which the regeneration event is
divided into several intervals. The simplest version is the
approach with two intervals or steps. For this two step
approach we will discuss results for one example
system.

Maximum Temperature or Stress

Regeneration Target Temperature

Figure 13. Schematic representation of an ideal
regeneration strategy with the regeneration temperature
being adjusted to the actual soot load. Lines represent
data at different soot loadings.

A schematic of such a two step regeneration process is
shown in Figure 14. Variables are the two temperature
levels, T, and T, ,, and the duration in each phase, t.,,
and t. .. The total regeneration time should not exceed
the typical durations, at least not significantly.

Regeneration Temperature

i i Mode 1->2 i

REG on Tlme REG off

Figure 14. Schematic description of a two stage
regeneration strategy.

The objective of the first stage is to burn enough soot to
minimize peak temperatures in operation in the more
aggressive stage two, even under non-optimal engine
conditions.

EXAMPLE 1

For the design example the observations shown in
Figure 10 will be used. For this system it has been found
that operation at 8g/dm® provides suitable peak
temperatures for the filter under all conditions. However,
during soot estimation uncertainties may lead to higher
values, probably up to roughly 10g/dm3. The objective of
the first regeneration stage is to reduce the soot load at
least somewhat, e.g. by ~2g/dm3. From the data in
Figure 10 we can estimate that we may need about 5
minutes for this step when a temperature of 550-570°C is
used as the target. Then the mode can be changed to
the second stage. In this stage we want to oxidize the
remaining soot, e.g. 8g/dm?3 in the case where we have
started at 10g/dm3. To achieve this also within 5 minutes
the target regeneration temperature can be set to 630°C,
a typical regeneration temperature for aluminum titanate
which may allow for good clean out.
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Figure 15. Experimental investigation of a two step
strategy. The engine was idled at different times after the
active regeneration was activated (see numbers 1 — 4 in
Fig. 14).



EXAMPLE 2

Experimental results for a system/strategy tested under
drop to idle conditions on the engine bench are shown in
Figure 15. The idle event was triggered at different times
during the regeneration cycle. Early in the first mode,
after 2 minutes in the first mode and when the
temperature reached 600°C and 620°C during the
transition to the second mode. These conditions can be
viewed as non-optimal conditions as later in the
regeneration cycle most soot would be burned. For
reference, if the engine would be idled with a normal one
stage regeneration strategy (630°C target) and the initial
soot load used in the experiments the maximum
temperatures may have reached values in excess of
1300°C. With the staged approach the peak temperature
may be managed well below 1200°C demonstrating its
technical benefit (Fig. 15). In separate experiments we
have also found that the staged strategy may deliver
sufficient regeneration efficiency under steady state
regeneration conditions.

CONCLUSIONS

The key factors determining the processes during active
regenerations have been discussed based on theoretical
as well as experimental considerations. Four main
parameters may determine the regeneration process: the
soot load, the mass flow, the oxygen concentration and
the temperature. Out of these four parameters the mass
flow may be the most difficult to influence during normal
driving conditions, as the critical conditions are primarily
those under which the mass flow is low as the engine is
idling. Increasing the idle flow rate in this condition is
challenging. The easiest method via an increased idle
engine speed is usually limited due to noise concerns, at
least in case of passenger car applications. The oxygen
content is believed to have a significant effect only if low
values are achieved, usually well below 10%. This again
is challenging under critical conditions such as idle or
over-run conditions. The main struggle is that most
methods that would lead to lower oxygen content also
decrease the mass flow at the same time. In this case
one may want to optimize between the two effects. The
soot load is determined by the requirements from the
application such as regeneration interval and engine
emissions. In addition, one may want to consider for
uncertainties during estimation. Therefore, once a filter
design is fixed the soot load appears to be only a weak
tuning parameter under practical application conditions.
An important parameter to work with towards an
optimized regeneration strategy is the regeneration
temperature. During active regenerations the exhaust
temperature has to be modified “artificially” anyway and
the level is to some extent adjustable. Generally
strategies with a mild regeneration strategy, e.g. low
temperatures, at the beginning of the regeneration are
suggested. Towards the end of the regeneration more
aggressive conditions with higher temperatures can be
applied to achieve a good clean out. An example of a

simple strategy with two stages has been discussed and
demonstrated.

We have also found that oxide based filters may offer
better regeneration efficiencies at lower temperatures or
shorter times compared to filters made form materials
with a higher thermal conductivity, such as SiC. This is
based on the reduced dissipation of the heat provided.

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.

NOTATION
¢ Heat capacity
E, Activation energy

Eppr Void fraction of diesel particulate filter

n Collection / filtration efficiency
ky Pre exponential factor
me Mass of carbon

m constant — reaction order oxygen
m Exhaust mass flow

M Molecular weight

v Stoichiometric coefficient

n constant — reaction order soot

P Density

Rc.0» Reaction rate of soot oxidation
R Gas constant

AHp Heat of reaction

AT, Adiabatic temperature rise

t Time

T Temperature
w Mass fraction
Vorr Filter volume
X Conversion
Subscripts

G Gas

S Solid

DPF Diesel Particulate Filter
In Inlet

O, Oxygen

C Carbon or soot
REFERENCES

1. 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

2. 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.



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

Heibel A. and U. Zink. “Lésungen zur Einhaltung der
Grenzwerte  fUr  Nutzfahrzeugemissionen  der
nachsten 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

B. Adelman, 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.

Gaiser G. and P. Mucha. “Prediction of Pressure
Drop in Diesel Particulate Filters Considering Ash
Deposit and Partial Regenerations”. SAE 2004-01-
0158.

Konstandopoulos A.G., M. Kostoglou, E. Skaperdas,
E. Papaioannou, D. Zarvalis and E. Kladopoulou..

10.

11.

“Fundamental Studies of Diesel Particulate Filters:
Transient Loading, Regeneration and Ageing”. SAE
2000-01-1016

Campenon T., P. Wouters, G. Blanchard, P.
Macaudiere and T. Seguelong. “Improvement and
Simplification of DPF System Using Ceria-based
Fuel-borne Catalyst for Diesel Particulate Filter
Regeneration in Serial Applications”. SAE 2004-01-
0071

Ootake M., T. Kondou, M. lkeda, M. Daigo, M.
Nakano, J. Yokoyama and M. Miura. “Development
of Diesel Engine System with DPF for the European
Market”. SAE 2007-01-1061

Sugiyama T., T. Fujimura, S. Hirota and J. Suzuki.
“Diesel Particulate-NOx Reduction System for the
new TOYOTA 2.2L Direct Injection Diesel Engine —
TOYOTA D-Cat Clean Power Concept”. 14" Aachen
Kolloquium Fahrzeug- und Motorentechnik, Aachen
2005, p. 1045-1066.

Mercuri D. “GMPT Approach to Aftertreatment
Calibration Control”. SAE International TopTec.
Optimizing Powertrain: Future Improvements through
Control Symposium, Turin/Italy, June 12-14, 2007




<<
  /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


