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ABSTRACT of active and passive regeneration, where the lack of DeNOx

Diesel particle filters (DPF) have become a standard after
treatment component for all current and future on-road diesel
engines used in the US. In Europe the introduction of EUVI is
expected to also result in the broad implementation of DPF’s.
The anticipated general trend in engine technology towards
higher engine out NOx/PM ratios results in a somewhat
changing set of boundary conditions for the DPF predominantly
enabling passive regeneration of the DPF. This enables the
design of a novel filter concept optimized for low pressure
drop, low thermal mass for optimized regeneration and fast
heat-up of a downstream SCR system, therefore reducing CO,
implications for the DPF operation. In this paper we will
discuss results from a next generation cordierite DPF designed
to address these future needs. The new materials are based on
a thinwall design with optimized material and microstructure,
resulting in an almost linear pressure drop response with soot
loading in the bare and catalyzed state. A significant reduction
in soot loaded pressure drop for uncoated and coated filters is
demonstrated of the new filter design vs. current EPA 2010
filter technologies. The optimized microstructure also enables
high filtration efficiency for mass and number. Results from
a wide range of regeneration experiments will be used to
discuss the thermal operating window of the new material
and the thermal response during normal operation and active
regeneration. A uniform temperature distribution and the fast
thermal response of the low mass filter minimize implications
on fuel consumption.

INTRODUCTION

Diesel particulate filters have been used for several decades in
retrofit and certain particulate emissions focused applications.
With the introduction of EPA 2007 regulations, diesel particulate
filters became the standard choice of technology for meeting
emissions requirements for on-road vehicles in the US and
Canada. These systems were implemented with a combination
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aftertreatment resulted in a reduced range for optimum
passive regeneration operation. To comply with the strict NOx
emissions limits (0.2 g/(hp-hr)) in EPA 2010 many systems
implemented SCR based DeNOx technology (Figure 1).

This also enabled engine makers to take advantage of lower
fuel consumption by calibrating for lower engine out PM and
higher NOx emissions and furthermore widened the window
for passive regeneration operation. A similar direction is
anticipated for systems complying with EUVI regulations, as
the regulated tailpipe NOx emissions levels are significantly
higher allowing higher engine-out NOx emissions at similar
DeNOx efficiencies.

With higher engine-out NOx/PM ratios the filter requirements
change as the hydrodynamic, filtration and thermal aspects
gain importance with predominantly passive regeneration
operation focused systems. It is anticipated that next generation
DPF designs need to be as fuel consumption neutral as possible
by providing ultra low restriction and supporting engine
thermal management needs in cold start and regeneration
operations.

Future directions to reduce fuel consumption to meet anticipated
CO, or GHG emissions limits and also reduce operating cost
for the end user, especially given the potential for higher fuel
prices, support this direction.

PRODUCT CONCEPT

As outlined in the previous section, new designs and products
are based on the assumption of a need for 1) reduced pressure
drop with improved deep bed filtration impact related to the
soot loaded pressure drop, 2) reduced thermal mass for
optimized regeneration and fast heat-up of a downstream SCR
system, and 3) decreased soot mass limit requirements due
to the expected trend towards engines operating at higher
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Figure 1. NOx/PM engine-out trade-off for modern heavy duty diesel engine

NOx/PM ratios. Alternatively the reduced pressure drop could
be used to enable more compact filters, which might be
especially attractive in cases where packaging space is limited.
All features target enhanced fuel efficiency and reduced
CO, emissions. To achieve the development goals a new family
of cordierite materials has been developed that provides
a significantly widened window with respect to new cell
designs combined with a highly engineered microstructure that
minimizes the impact of soot on permeability and pressure drop.
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Figure 2. Relationship between filter pressure drop and
permeability.

When looking for opportunities to further reduce the pressure
drop of particulate filters, it is instructive to evaluate the
relationship between pressure drop and permeability. The
latter is the property describing the impact of the material and
microstructure on the filter pressure drop. An example of this
relationship is shown in Figure 2. Plotted is the relative
pressure drop as a function of the wall permeability. The
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pressure drop has been normalized to values typical for
DuraTrap® AC for conditions without soot (i.e. clean). Starting
with the data for the 200cpsi/12 mil (0.012inch) cell geometry
one can see that for advanced materials with high permeability
(assuming no soot present), such as DuraTrap® AC, the
pressure drop is only a weak function of the permeability and
a further improvement would provide limited benefit. The
pressure drop is primarily determined by the cell geometry. A
reduction in web thickness will provide a significant reduction
in pressure drop, as can be seen from Figure 2 for the example
of a reduction from 12mil to 8mil.

Another consideration for particulate filter design and
operation is the impact of soot on the pressure drop response.
In general soot that accumulates inside the pores of the filter
walls reduces overall permeability, leading to a higher pressure
drop. Unlike the clean pressure drop discussed in the previous
paragraph, this effect is a strong function of the design
of the filter microstructure material. Although significant
achievements were made during the development of products
for EPA 2010, resulting in advanced filter products such as
DuraTrap® AC [1], our next generation cordierite filters offer
an even further improved microstructure with an increased
porosity of ~55-57% and a highly engineered pore size
distribution. The mean pore size has been reduced compared to
DuraTrap® AC and the pore size distribution has been further
tightened and tailored. As will be shown in the following
sections, this new microstructure significantly reduces the
effect of deep bed penetration of soot, yielding a soot loaded
pressure drop which can range from 30-50% lower than with
current EPA 2010 products.

The accumulation of ash and its impact on the evolution of the
pressure drop during the life of a filter is a critical aspect
considered during the design of a filter, which is primarily
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filter. Comparing filters in 200/12 and 200/8 cell geometries,
one finds a roughly 14-15% increased inlet volume available
for storage of ash due to the thinner webs. This difference,
combined with the lower pressure drop, could be used to
enable lower pressure drop throughout the filter life or to trade
some of the pressure drop reduction for a reduced filter size
while maintaining ash capacity. The latter concept can be used
to an even larger extent if alternative cell designs are
considered, involving higher cell densities that increase the
specific filtration area per volume as well as asymmetric
cell design such as the ACT technology described in reference
[2-3]. An especially attractive option utilizing the features
described above combined with the improved microstructure
is 300/7 ACT design. As will be shown in the following
sections, this filter allows for the most compact design at
pressure drop comparable to the current EPA 2010 products.

The new filter product utilizes designs with reduced web
thickness, reducing the total volume fraction represented by
the honeycomb walls. In addition, it was mentioned that the
new microstructure offers an increased porosity, which further
reduces the overall solid fraction of the filter. To compensate,
the new filter is based on a new family of cordierite materials
that provide increased intrinsic material strength, allowing the
strength of the honeycomb structure to be comparable to the
strength of current filter products in a 200/12 geometry.

In the following sections experimental results obtained with
the new cordierite material in 200/8 and 300/7 ACT cell
geometries, or thin wall filter (TWF) geometries, will be
discussed to demonstrate the target benefits described above.
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PRESSURE DROP

Pressure drop testing was performed on 200/8 and 300/7 ACT
filter cell geometries with the filters being of varying lengths.
The engine used for pressure drop testing is a 9L 6-cylinder
engine with EPA 2007 calibration. The pressure drop test [3]
contains a variety of engine conditions and results are
normalized to a standard flow rate and temperature condition.
Since the samples had different volumes, the testing was
performed in a manner to enable comparison of pressure drop
at equivalent soot levels, i.e., grams of soot loaded, regardless
of the filter volume. Figure 3 shows the clean and soot loaded
pressure drop, in two different formats. The first graph,
3(a) shows pressure drop as a function of soot per liter of filter.
The TWFs show a significantly reduced pressure drop in
comparison to the 2007 and 2010 technology references. The
lowest pressure drop is from the TWF ©10"x11” in 200/8
geometry. The second graph 3(b) shows pressure drop as a
function of grams of soot on the filters, which demonstrates
how any of the filters will perform if placed into an application
with a consistent soot load to regeneration. In this case, the &
10"x11" TWF 200/8 still performs the best. Deep bed filtration
effects, defined by the sharp increase in pressure drop at initial
soot loading stage, are much smaller for TWF products than
2007 and 2010 (AC) technology references. The improvement
is achieved through an even further improved microstructure
with an increased porosity of ~55-57% and a highly engineered
pore size distribution. It can also be noted that the pressure
drop difference between bare and coated product is minimal.
The minimal wash-coat impact may be different with alternate
wash-coat loadings and catalyst technologies.

1| 2007 Technology Coated @10"x11" 200/12
15 | 2010 Technology Coated @10"x11" 200/12
14 1| © TWF Bare @10"x11" 200/8

1| ATWF Coated @10"x11" 200/8

13 4| B TWF Coated @10"x9" 200/8

1| ® TWF Coated @10"x11" 300/7 ACT

|| B TWF Coated @10"x7" 300/7 ACT

(200°C & 1250 math) [kPa]

o———7——7——7—

0 10 20 30 40 50 60 70 80
Soot Load [g]

(b)

Figure 3. Comparison of pressure drop a) as a function of grams of soot per liter of filter and b) as a funct'ﬂt 6 érams 0
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Figure 4. Improvement on either pressure drop or volume
for coated TWF versus coated AC filters. The two sets of
data represent different soot loads (clean 0g and 90g).

Figure 4 shows how thin wall designs can be utilized for
enhanced after-treatment integration by either reducing
pressure drop or reducing filter volume. For example,
comparing the change from AC 200/12 in 10”"x11" to TWF
200/8 in Y10"x11", a roughly 40% reduction in pressure drop
can be achieved. Alternatively, selecting the alternative of
TWF 200/8 in ©10"x9" would enable a roughly 20% reduction
in pressure drop combined with approximately 20% reduction
in volume. Similar benefits in terms of either lower pressure
drop at given volume or significantly reduced volume at
comparable pressure drop can be achieved when the design
with higher cell density, 300/7, is utilized combined with the
asymmetric cell technology (ACT) for enhanced ash storage.
In general, due to the thin wall design, the TWF is expected to
have much more volume for ash storage for the same filter
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[*oC]
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volume, for example, about 15% increase ash storage from
200/12 to 200/8, or roughly 45% from 200/12 to 300/7 ACT.
Therefore, an even lower pressure drop is expected over the
life time of the filter.

THERMAL RESPONSE

COLD START

Cold and hot FTP tests were ran with &10"x11" coated TWF
200/8 and ©10"x11" coated AC 200/12 filters. From Figure 5,
filter inlet temperature is identical for the compared cases. For
the cold cycle experiments, engine and after-treatment
compartments are cooled down to room temperature before the
start of the test. The outlet temperature profiles shown in
Figure 5b demonstrate that the TWF has a much faster thermal
response compared to the AC reference filter. This holds for
both the heat-up and the cool-down curves, and is explained by
the ~45% lower thermal mass of the filter. The same reduction
in thermal mass of ~45% is obtained for the other TWF cell
configuration, 300/7 ACT, when compared at equal filter
volume.

The accumulated density of the DPF outlet temperature is
compared in Figure 6. Only the data from the first 400 seconds
of the cold start cycle are used, as these represent the time
frame of prime interest. For example, for AC filter outlet
temperature during the cold cycle, the accumulated density is
0.6 at 185°C, which means for 60% of the 400 seconds,
temperature is below 185°C. It should be mentioned that the
benefits of an extended temperature window due to low
thermal mass are expected to strongly depend on the test cycle
and the application. For the FTP cycle shown in Figure 6, and
systems in which the downstream SCR catalyst starts operating

(b)

Figure 5. Comparison of thermal response during cold and hot FTP test performed on @ 10"x11" 200/8 coated TWF and
D 10"x11" 200/12 coated AC filters: a) DPF inlet temperature; b) DPF outlet temperature.
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