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A major technological challenge in the regeneration of diesel particulate filters
(DPFs) is that sometimes local high temperature excursions melt the cordierite ce-
ramic filter. The cause of this melting is still an open question as the highest tempera-
ture attained under stationary (constant feed) combustion of the accumulated particu-
late matter is too low to cause this melting (melting temperature ~1250°C). We
recently conjectured that the high temperature excursions are a counterintuitive
response to a rapid deceleration, which decreases the exhaust gas temperature and
flow rate and increases the oxygen concentration. Infrared measurements of the spatio-
temporal temperature during soot combustion on a single-layer DPF showed that a si-
multaneous step change of the feed temperature, flow rate, and oxygen concentration
can lead to a transient temperature that exceeds the highest attained for stationary
operation under either the initial or the final operation conditions. The experiments
revealed that the magnitude of the temperature rise depends in a complex way on sev-
eral factors, such as the direction of movement of the propagating temperature front.
The amplitude of the temperature rise is a monotonic decreasing function of the dis-
tance that the temperature front moved before the step change. The rapid response to
the feed oxygen concentration increases initially the moving front temperature. The
slow response of the ceramic DPF to a decrease in the feed temperature may eventu-
ally decrease the moving front temperature and even lead to premature extinction and
partial regeneration. © 2010 American Institute of Chemical Engineers AIChE J, 57: 2229-
2236, 2011
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Introduction

The best existing technology for removal of particulate
matter (PM) from the exhaust generated by diesel engine—
driven automobiles is by a diesel particulate filter (DPF).!
This wall-flow monolith consists of many parallel extruded
square porous ceramic cells. The exhaust gases enter the
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inlet channels that are plugged at their end and pass through
the porous walls to the four adjacent outlet channels. The
PM that has accumulated in the inlet channels is periodically
removed by controlled combustion, initiated by a short diesel
injection to the exhaust gases.”™ This leads to local ignition
and formation of a sharp temperature front that propagates
along the surface combusting the PM.>® Experience revealed
that the exothermic regeneration sometimes creates exces-
sively hot local regions that melt the cordierite ceramic filter
(melting temperature ~1250°C)."? Unfortunately, the
knowledge and understanding of what causes the formation
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of the hot regions is still an open question. The development
of a safe regeneration procedure that circumvents the local
melting of the filter is the major technological challenge in
the operation of DPFs.

Extensive experiments and simulations revealed that the
temperature rise during stationary regeneration (fixed feed
conditions) is not sufficiently high to melt the DPF ceramic
support.'®? The chemical reaction engineering literature
includes reports of counter-intuitive temperature rise during
the dynamic operation of chemical reactors in which the dis-
turbances of several state variables propagate at different
velocities.?*° For example, there are extensive experimen-
tal and theoretical studies of the wrong-way behavior in
which a rapid decrease of the feed temperature to a packed-
bed or monolith reactor leads to a transient temperature
exceeding the maximum obtained under stationary operation
with the initial higher feed temperature.%_39 Another coun-
terintuitive example is the transient temperature rise follow-
ing a rapid increase of the velocity of the feed to a packed-
bed reactor.*™*' This information led us to conjecture that
the temperature excursions that cause the DPF melting are a
dynamic response to rapid changes in the engine load. For
example, a rapid change from a normal driving to idle,
which increases the effluent oxygen concentration and
decreases its temperature and flow rate.

Under stationary feed conditions and feed temperatures
below 550°C, the PM is consumed at all points on the sur-
face. At higher feed temperatures, the PM is combusted by a
moving front. The temperature rise in either case is not suffi-
ciently high to cause the melting of the ceramic filter. We
recently started an experimental study to check the validity
of the conjecture that a high temperature excursion is a
dynamic response to change in the feed conditions and to
determine the impact of the change in the feed on the tem-
perature rise and the direction and velocity of the propagat-
ing temperature wave. As the combustion by a moving front
leads to a higher temperature and we are interested in find-
ing what may lead to high temperature excursions, we stud-
ied that situation. We have recently started an experimental
study to check the validity of this conjecture about the
dynamic temperature rise and to determine the velocity of
the propagating temperature wave. We found that a step
decrease of the feed temperature leads to a transient temper-
ature exceeding the highest attained under stationary opera-
tion with the initial feed temperature. This behavior is simi-
lar to the wrong way observed in packed-bed reactors.*?
When we step changed any pair of the three state variables
of the exhaust (oxygen concentration, temperature, and flow
rate), the maximum transient temperature exceeded the high-
est temperature that could be attained under stationary opera-
tion.*> In most cases, the maximum temperature attained
during the dynamic operation was not bounded between the
two limiting cases (the maximum temperature obtained at ei-
ther initial or final stationary operating conditions). We
report here experiments involving a simultaneous step
change of the feed three state variables. This step change is
similar to that caused by a rapid shift from normal driving
to idle. We determined in each experiment the difference
between the highest transient temperature following this step
change and the highest temperature attained under stationary
operation. We define this difference as the excess transient
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temperature rise. We also determined the highest temperature
following a step change of each single feed condition and
the corresponding excess transient temperature rise. These
experiments enabled a comparison of the excess transient
temperature rise following a step change of the three varia-
bles with the sum of the excess transient temperature rise
found in the three experiments in which only one feed input
was step changed. This information is of both practical value
and intrinsic academic interest.

Both experiments and simulations revealed that an
increase of the feed oxygen concentration or temperature
increases the DPF temperature under stationary opera-
tion.***> The dependence of the DPF temperature on the fil-
tration velocity, defined as the feed flow rate divided by the
surface area of the inlet channels, is more intricate. A filtra-
tion velocity increase shifts in some cases the ignition point
from the upstream to the downstream. Following this shift
the maximum DPF temperature is a monotonic increasing
function of the filtration velocity. Eventually this trend is
reversed.***” All the experiments reported here were con-
ducted under conditions that an increase in either the feed
temperature, the oxygen concentration, or the filtration veloc-
ity increased the DPF temperature under stationary operation.

Experimental System and Procedure

The central part of the experimental system (Figure la)
was a stainless steel (316 L) insulated reactor (120 mm X
40 mm x 40 mm) with an IR transparent quartz window on
its top. Its temperature was controlled by an electrical heater.
Inside the reactor was a planar catalytic single-layer DPF
(90 mm long, 20 mm wide), cut from a commercial DPF
(NGK-6000YE). Both its exterior sides and bottom were
sealed by ceramic glue. Carbon black nanoparticles (40 nm,
Sigma Aldridge) were deposited on top of the planar DPF
by spraying a well-mixed solution of alcohol containing the
nanoparticles. The alcohol was later removed by a stream of
nitrogen. A schematic of the reactor is shown in Figure 1b.

To minimize the heat loss from the reactor, all sides of re-
actor except the one with the window were heated by an
electrical ceramic fiber heater (Watlow Instruments) to a
temperature set by a power controller (Staco energy product,
2PF1010). Five K-type thermocouples (diameter 0.5 mm) in-
stalled at the bottom of the single-layer DPF helped monitor
its temperature during the regeneration. The first one was
placed near the entrance and measured the inlet gas tempera-
ture. The second was located 10 mm downstream from the
inlet; the third was located 30 mm away from the inlet, the
fourth in the middle of the DPF, and the fifth 10 mm ahead
of the outlet. The thermocouples’ readings were recorded
and processed by an Omega data acquisition board con-
nected to a PC. A 5-mm-thick mineral wool insulation was
placed between the planar DPF and the reactor walls to min-
imize the heat exchange with the reactor walls. The spatio-
temporal temperature profile was measured by a high-speed
(up to ~60 frame/s) infrared camera (Merlin, MW 18, Indigo
Systems) held ~50 cm above the quartz window. The cam-
era has a 256 x 256 indium antimonide detector array sensi-
tive to 3-5 wpm radiations. Because of experimental setup
limitations, we could capture images only for locations
located between 30 and 90 mm from the DPF inlet. The IR

August 2011 Vol. 57, No. 8 AIChE Journal



Mass Flow
Controller

Bvpass

1 By g
IR )
‘amera

Insulation

To Vent

Cooling
Electric Svystem

Heater

(b) Quartz window

Soot
Al wool
wall

| A T e e T T

s

AP TSR
T
DOOO0U0O00000D00D00000

; QOutlet
Electric Heater

N —

Thermocouples

Figure 1. (a) A schematic of the experimental system;
(b) a schematic of the reactor.

signals were periodically calibrated using the K-type thermo-
couples readings. The images were recorded at the rate of 10
s~! on a PC with an ImageDesk II software.

Compressed nitrogen purged the air in the reactor before
each experiment. The reactor wall temperature was then
heated up from room temperature to a preset temperature.
Although the reactor was fed by preheated nitrogen, the pla-
nar DPF was preheated to the desired temperature by an
electric heater (Hoskins furnace, FD303). The feed pressure
was controlled by downstream pressure regulators. After the
DPF attained the desired temperature, a mixture of pressur-
ized nitrogen and air was fed to the reactor. The four ther-
mal mass flow controllers (1-4 in Figure la) were used to
control the air/nitrogen ratio and total flow rate. The air and
nitrogen flow rates were initially controlled at the desired
values by two thermal mass flow controllers shown as 1 and
3 in Figure la (MKS, 1179A, MKS Type and +1% accu-
racy). The MKS control system was used to step change the
oxygen concentration and total flow rate by shifting the air
and nitrogen feed to mass flow controllers 2 and 4, which
were preset to the new desired values. Simultaneously, the
feed temperature was lowered to the desired new value by a
controlled bypass of the heater by a fraction of the gas. The
step change in the feed conditions was completed within 2 s.

The loaded carbon layer was usually combusted within 1
min. Each experiment was repeated at least three times to
check for reproducibility.

In all the experiments described here, we measured the
dynamic temperature rise caused by a sudden change of
three input variables (feed temperature, oxygen concentra-
tion, and flow rate). In each case, we compared the excess
transient temperature rise following a step change of the
three variables with the sum of the excess transient tempera-
ture rise caused by step change of a single feed input.

Experimental Results

Experiments were conducted to determine the impact of
simultaneous sudden changes of three feed conditions on the
amplitude of the temporal temperature rise in comparison to
the sum of the three responses to a step change of a single
feed condition. We also studied the impact of the soot load
and the location of the temperature front when the step
change was done on the front amplitude and direction of
movement. Almost all experiments reported here were con-
ducted with a uniform soot loading of 10 g/L, which corre-
sponded to a layer thickness of about 120 um. The only
exceptions are the experiments reported in Figures 6-8,
which were conducted with a soot loading of 20 g/L. The
initial feed and DPF temperature was 620°C in all experi-
ments except the one shown in Figure 5. In all the experi-
ments reported here, the oxygen feed concentration was 10
vol %, and the superficial filtration velocity was 12 cm?/
(cm? ). In all the experiments, the following simultaneous
step changes were done: The oxygen concentration was
increased to 15 vol %, the feed temperature decreased to
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Figure 2. Response of an upstream moving front to a
step change of the three feed conditions at
42 s after feed introduction to the DPF.
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Figure 3. Moving upstream temperature profiles with
the highest temperature rise following a step
change of the three feed conditions in the
feed at the locations marked on the horizon-
tal line; initial feed conditions as in Figure 2.

520°C, and the filtration velocity decreased to 8.3 cm’/
(cm? s). The time in all the figures is that from the introduc-
tion of the reactants mixture to the reactor. The flow in all
the figures is in the downstream direction, i.e., increasing
distance from inlet. A dashed line with solid diamonds in all
the figures is the highest local temperature under stationary
initial feed conditions. In all the experiments, the step
changes of either the single input or the three variables were
done at the same location unless otherwise stated.

The high rate of heat removal at a high filtration velocity
usually prevented ignition at the upstream of the DPF. The
heat generated by the reaction in the upstream heated the
downstream flowing gas, leading to a downstream ignition
and formation of an upstream moving temperature front. The
peak temperature decreased as this front moved upstream.
Figure 2 describes such a case in which a fully developed
upstream moving front formed 40 s after introduction of the
hot reactive gas. Two seconds later, the three feed conditions
were step changed. The sudden changes increased the tem-
perature of the moving temperature front. The highest peak
temperature of the front exceeded by 115°C that attained
under stationary initial feed conditions (762°C). The
decreased feed temperature eventually decreased the front
peak temperature and velocity. The temperature front extin-
guished about 10 s after the change was implemented, so
that the upstream soot was not consumed and the DPF was
only partially regenerated. When stationary regeneration was
conducted under the step-change conditions, a uniform and
rather slow soot combustion occurred and no temperature
front formed. When a step change of a single input was
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done at the same front position, i.e., either only the oxygen
concentration increased or the temperature decreased or the
filtration velocity decreased, the corresponding excess tran-
sient temperature rise was 53, 43, and 31°C, respectively.
The sum of these three (127°C) was slightly higher than the
115°C when the three input variables were simultaneously
step changed.

When the feed was step changed after a temperature front
formed, the location of the front at that instant affected the
amplitude of the peak temperature. Figure 3 describes a case
in which the initial conditions led to formation of an
upstream moving front, as in Figure 2. A step change of the
three inputs was done when the temperature front was at a
distance of 8, 7, and 5.5 cm from the DPF inlet. These posi-
tions are marked as cases 1, 2, and 3 on the horizontal line
in Figure 3. The figure describes the temporal profiles with
the highest temperature for each of the three cases. The peak
transient temperature was a monotonic increasing function of
the distance from the feed inlet when the step change was
done. The excess transient temperature rise of the three cases
were 115, 88, and 69°C, respectively. These are lower than
the sum of the excess transient temperature rise of three sin-
gle step changes (of the oxygen concentration, temperature,
and filtration velocity) initiated at the same front position,
which were 127, 102, and 85°C, respectively.

The experiments revealed that the soot combustion dy-
namics strongly depended on whether the feed step change
was done either before or after the ignition and formation of
a moving temperature front. Under the initial conditions
used in the experiment shown in Figure 2, a temperature
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conditions before a downstream ignition
occurred 20 s after feed introduced to DPF;
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Figure 5. Response of a downstream moving front to a
step change of the three feed conditions at
36 s after introduction of feed to the reactor;
initial DPF and feed temperature of 650°C.

wave formed about 40 s after introducing the feed to the re-
actor. Figure 4 describes a case in which the step change in
the three feed conditions was done 20 s after introduction of
the feed, i.e., much earlier than in the case shown in Figure
2. During these 20 s, a hot zone did not form in the DPF.
The step change rapidly increased the feed oxygen concen-
tration. Although the new feed temperature was lower by
100°C from the initial one, the DPF temperature remained
sufficiently high to ignite the soot because of its slow cool-
ing due to its high heat capacity and low thermal conductiv-
ity. Ignition occurred in the upstream section of the DPF 4 s
after the step change was done and a downstream moving
temperature front formed. This downstream moving direction
differs from the upstream direction of the moving fronts in
Figures 2 and 3. The peak front temperature increased ini-
tially as it moved downstream and attained a maximum of
785°C at an axial position around 7 cm downstream from
the inlet. This maximum is 23°C higher than the highest
temperature of 762°C obtained under stationary operation
with the initial feed conditions. The decrease in the feed
temperature eventually decreased the peak moving front tem-
perature.

The experiments revealed that at a sufficiently high tem-
perature ignition occurred at the upstream section of the
DPF, close to the inlet. This caused a rapid oxygen con-
sumption and formation of a downstream moving tempera-
ture front. An example of such a case is shown in Figure 5.
The initial feed conditions were the same as in Figure 2, but
the initial feed temperature of 650°C was higher than the
620°C in Figure 2. The three feed conditions were step
changed about 36 s after introduction of the feed. The peak
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temperature of the downstream moving front increased
monotonically with their distance from the inlet. The step
changes led to a peak temperature of 893°C at the end of
the DPF, which exceeded by 113°C the 780°C obtained
under stationary feed conditions. When stationary regenera-
tion was conducted under the step-change conditions, no
temperature front formed because of the low feed tempera-
ture, and the soot was slowly homogeneously combusted
from the surface. When only a single step change was con-
ducted at the same front location, i.e., either the oxygen con-
centration increased or the temperature decreased or the fil-
tration velocity decreased, the excess transient temperature
rise was 56, 45, and 25°C, respectively. The sum of these
three of 126°C was slightly higher than the 113°C when the
three step changes were simultaneously done.

Experience indicates that the thickness of the PM layer is
not always uniform. Moreover, wall heat losses next to the
DPF walls may lead to nonuniform regeneration and forma-
tion of local soot layer thicker than the surface average. The
increase of the soot layer thickness increases the local oxy-
gen consumption rate and heat generation rate and decreases
the convective rate of heat removal. To determine the impact
of a high local soot load, we conducted experiments with a
high soot loading of 20 g/L. The initial conditions and the
final step-changed conditions were the same as in Figure 2.
Figure 6 shows that at beginning the ignition occurred at the
upstream of the DPF forming a downstream moving front.
A step change of the three feed variables 42 s after introduc-
tion of the feed generated a downstream moving front, the
peak temperature of which increased as it moved down-
stream. The highest peak front temperature of 895°C was
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Figure 6. Response of a downstream moving front to a
step change of the three feed conditions at
42 s after introduction of feed to DPF; initial
soot loading of 20 g/L.
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Figure 7. Moving downstream temperature profiles
with the highest temperature rise following a
step change in the feed at the locations
marked on the horizontal line; initial soot
loading of 20 g/L.

obtained at the end of the DPF. It exceeded by 122°C that
under stationary operation. When only a single step change
was conducted at the same front location, i.e., either the oxy-
gen concentration increased or the temperature decreased or
the filtration velocity decreased, the excess transient temper-
ature rise was 50, 40, and 28°C, respectively. The sum of
these three changes of 118°C was slightly lower than that of
122°C, when the same three step changes were done simulta-
neously.

When the three feed conditions were rapidly changed after
a downstream moving temperature front formed, the DPF
location at which the change was implemented had a strong
impact on the peak transient temperature. Figure 7 shows the
temporal temperature profiles with the highest temperature
peak for three such cases following a feed step change when
the temperature front was at a distance of 4, 5.5, and 6.5 cm
from the entrance. The front positions when these three
changes were done are marked on the horizontal line in Fig-
ure 7. The highest transient temperature of a downstream
moving front was a monotonic decreasing function of the
distance of the temperature front from the inlet when the
feed step change was done. As in the upstream moving front
(Figure 3), the location at which the change was done
affected the amplitude of the moving front. However, it did
not affect in this case its direction of motion. The tempera-
ture rise in the three cases following the step change of the
three inputs was 122, 94, and 75°C, respectively. These were
slightly higher than the sum of three single step changes ini-
tiated at the same front position, which were 118, 91, and
70°C, respectively.
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Figure 4 shows that an early step change before a down-
stream ignition occurred can shift the ignition to the
upstream and change the direction of the front motion. Fig-
ure 6 describes a case in which the high soot loading led to
upstream ignition after 42 s. Figure 8 describes a case with
the same initial conditions in which the three inputs were
step changed 20 s after introduction of the feed, much earlier
than the case in Figure 6. The step change rapidly increased
the feed oxygen concentration. The DPF upstream section
cooled much slower because of its high heat capacity and
low thermal conductivity. Thus, upstream ignition occurred
5 s after the step change was done. The front peak tempera-
ture increased initially as it moved downstream and reached
a maximum of 804°C at about 6 cm downstream of the inlet
of the DPF. This maximum exceeds by 31°C, the highest
temperature of 773°C obtained under stationary operation
under the initial conditions. The decrease in the feed temper-
ature eventually decreased the moving temperature front.
This experiment showed that following an upstream ignition
an early step change did not affect the location of the igni-
tion but led to a transient increase in the moving front tem-
perature over that obtained under stationary operation.

Discussion and Concluding Remarks

The experiments validated our conjecture that in response
to a rapid change of the feed conditions to a diesel engine
its temperature may exceed those obtained under stationary
operation. We studied situations that are likely to produce a
large excess transient temperature rise, i.e., following rapid ve-
hicle deceleration. This step change from normal driving to
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idle increases the feed oxygen concentration and decreases the
feed temperature and filtration velocity.”'”*® Any increase in
the oxygen concentration increases the DPF temperature. A
decrease in either the feed temperature or the filtration velocity
leads to a counter-intuitive temperature rise, similar to the
wrong-way behavior of a packed-bed reactor.?*%4>%3 Thys,
each of these three perturbations leads to an excess transient
temperature rise, i.e., increases the temperature over that under
stationary operation under either the original or the final feed
conditions. This counter-intuitive temperature rise may
explain the unexpected reported melting of DPF, which does
not happen under normal stationary operation. The experi-
ments showed that the temperature increase due to the step
change of the three inputs exceeded that generated either by a
step change of any single feed condition or by a step change of
any pair of feed conditions. The temperature rise caused by a
step change of three inputs was rather close to the sum of tem-
perature rise following three single changes. It will be most
useful to develop design rules relating the temperature rise fol-
lowing several simultaneous changes to those caused by indi-
vidual changes. There is a strong practical incentive and aca-
demic interest in developing simple design criteria predicting
the dependence of the dynamic temperature rise on the ampli-
tude and rate of the feed step changes. This novel understand-
ing and know-how will be also useful for designing the control
of packed-bed reactors, which are subjected to several simulta-
neous feed perturbations.

The experiments revealed quantitative differences in the
behavior of the temperature front depending on the direction
of the front motion. When the temperature front moved down-
stream, its peak temperature increased with distance from the
inlet (Figures 5 and 6). When the front propagated upstream,
the highest temperature was attained at an intermediate DPF
position and it then decreased as it approached the inlet
(Figure 2). The highest amplitude of either the upstream or
the downstream moving front was a monotonic decreasing
function of the distance that the front moved on the DPF
before the step change in the feed conditions (Figures 3 and
7). We believe that these features are due to the impact of the
moving front on the filtration velocity, which affects, in turn,
the local temperature rise. When a temperature front moves
downstream, the upstream combustion of the soot increases
the filtration velocity in that section and decreases it in the
downstream. When a temperature front moves upstream, the
downstream combustion of the soot increases the filtration
velocity in that section and decreases it in the upstream.

In all experiments, the initial DPF temperature was uni-
form and equal to that of the feed (either 620 or 650°C). In
a regular DPF, the initial temperature is much lower than
that of the heated exhaust feed. (It is usually heated by injec-
tion of diesel to the feed and its combustion in a diesel oxi-
dation catalyst can.) Thus, an upstream ignition is much
more likely to occur in a regular DPF on a car than in our
experiments in which the initial DPF temperature was uni-
form and high. Figure 4 shows that an early step change led
to an upstream ignition and a downstream propagating front
even when a stationary operation under the initial conditions
would have led to an upstream front propagation. The
experiments showed that when the front moved downstream,
which we believe is the most common behavior in a DPF,
the highest temperature is attained at the downstream (Fig-
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ures 5 and 6). This may explain why the damage to commer-
cial DPFs is usually encountered in the downstream section.

The simultaneous step changes led to an initial tempera-
ture rise because of the rapid increase of the oxygen concen-
tration at the upstream of the DPF. The response of the DPF
temperature to the sudden feed temperature decrease was
slower because of its high heat capacity and low thermal
conductivity. Thus, although the step change initially
increased the front temperature, the decrease of the feed
temperature eventually decreased the front peak temperature.
This led in some cases (Figure 2) to premature extinction
before the front exited the DPF. This extinction can lead to
a local build up of the soot on the partially regenerated areas
during the next filtration cycle. A local increase in the soot
film thickness decreases the local filtration velocity and con-
vective heat removal. This may cause the regeneration tem-
perature to exceed the highest values attained when the film
thickness is uniform. The dependence of the maximum tran-
sient temperature following a step change on when it was
done (Figures 3 and 7) complicates the development of sim-
ple design criteria predicting the amplitude of the transient
temperature rise. It also points out the difficulty of its deter-
mining it from experiments on a commercial DPF consisting
of thousands of inlet channels in which the soot layer may
not be equally and uniformly deposited.
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