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Abstract
Although diesel engines have high thermal efficiency, large amounts of particulate
matter (PM) including soot are emitted. A wall-flow diesel particulate filter (DPF) is
one of the most important technologies for diesel emission control. However, the soot
accumulation inside the DPF causes an increase of pressure loss. Then, the accumulated
diesel soot needs to be burned, which is called a filer regeneration process. In this study,
we have investigated the soot combustion on bare and catalyzed DPFs under controlled
and uncontrolled regeneration. Two types of DPFs with conventional square and
hexagonal cells were used. Results show that, in comparison with the bare DPF, the
regeneration efficiency of the catalyzed DPF is clearly higher, indicating a marked
effect of catalysts. Independent of regeneration temperature, a greater increase in the
regeneration efficiency of the catalyzed DPF was confirmed under controlled
regeneration. On the other hand, under uncontrolled regeneration, the maximum
temperature of the catalyzed DPF is higher than that of the bare DPF, and it is reached
shorter times. Interestingly, by comparing the conventional square cell DPF, the soot
oxidation of the hexagonal cell DPF is promoted under controlled and uncontrolled
regeneration.
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1. Introduction
Diesel engines have high thermal efficiency, lower fuel consumption, and lower
CO2 emissions, compared with equivalent gasoline engines [1]. On the other hand, diesel
engines emit NOx and large amounts of particulate matter (PM) including soot in the
exhaust gas. The fine particles (i.e. <2.5 mm, referred to as PM2.5) cause environmental
pollution and are potentially harmful to human health [2]. Therefore, various technologies
have been investigated for the reduction of diesel emission. For example, the improvement
of the fuel injection with the so-called common rail [3,4] and the exhaust gas recirculation
(EGR) [5,6] are known as effective technologies of PM and NOx reduction.
Under the current regulations, we do not have to care about very fine
nanoparticles, because their mass is extremely low. However, if the regulation is set based
on the particle number, these nanoparticles should be removed as well [7]. Therefore, a
diesel particulate filter (DPF) is one of the important technologies for this type of PM
regulation.
Typically, the DPF has a monolithic wall-flow structure made of ceramic. The
DPF has many flow channels, which are called cells, and the porous ceramic walls act as a
filter. Figure 1 shows a schematic of the wall-flow DPF. The PM is trapped on the surface
of the filter wall when the exhaust gas passes through the filter. The filtration efficiency
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reaches approximately 100 % after a thin soot layer is formed [8,9]. At the same time, the
pressure loss increases due to formation of the soot layer (soot cake) [10,11]. This is
because the inner structure of the DPF is changed by the soot accumulation, so that the
flow as well as the pressure inside the DPF cell is changed [8,12]. Consequently, the fuel
consumption becomes worse and the engine may stall. Then, for the reduction of the filter
back pressure, the accumulated diesel soot inside the DPF must be burned, which is called
filter regeneration. As for the DPF performance, high filtration efficiency, low pressure
loss, and regeneration at low temperature [13] are demanded.
Normally, the exhaust gas temperature is insufficient to regenerate the filter, and a
catalyst is usually used to reduce the PM oxidation temperature [14]. So far, a catalyzed
DPF has been investigated for efficient DPF regeneration by soot combustion [15,16].
Although the catalyzed DPF is efficient for soot combustion, a higher pressure loss is
observed in comparison with a bare DPF due to the washcoat for catalysis support [9]. For
alternative approaches, several kinds of fuel additives have been used for the diesel smoke
reduction [17,18]. However, the fuel additive increases the amount of ash that remains
after soot burning, resulting in an increase of pressure loss [19]. Therefore, the DPF needs
to have low pressure loss even when the soot and ash accumulate．
One of the solutions for the reduction of pressure loss is to change the cell
2
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structure of the DPF. As seen in Fig. 1, the square cell is used in a commercially available
DPF, which is generally a worldwide standard because of easier manufacturing and lower
cost. It is known that the capacity for soot and ash depositions inside the DPF can be
improved by increasing the aperture ratio of the inlet cell to the outlet cell. In this case, the
pressure loss during soot loading is lower, because the soot cake is thinner, while the ash
capacity is higher [19,20].
Amirnordin et al. [21] and Segawa et al. [22] have investigated a honeycomb
monolith with hexagonal cells, and have reported that its pressure loss is relatively lower.
However, they have focused on catalytic converters. The effect of the cell structure on the
soot combustion in the DPF regeneration process is not clear. In our previous study [23],
using hexagonal cell and conventional square cell DPFs, we reported that the initial PM
filtration efficiency can be improved with lower pressure loss during soot loading by
increasing the inlet aperture ratio.
In this study, we examine the soot combustion with catalysts in DPF regeneration.
The bare and catalyzed DPFs of hexagonal and conventional square cell structures are
experimentally investigated. Two types of filter regeneration are considered. One is a
controlled regeneration test for soot burning at constant temperature [24]. The other is an
uncontrolled regeneration test with rapid soot combustion, which is called drop-to-idle test
3
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(DTIT) [25]. Based on experimental results, the effect of catalysts on the soot oxidation in
different cell DPFs is presented and discussed.

2. Experimental setup
2.1. Characteristics of the diesel particulate filters
Four silicon-carbide (SiC) DPF samples, HEX bare, SQ bare, HEX catalyzed, and
SQ catalyzed, were used in this study. The catalyzed DPFs were coated with Pt. The
sample specifications are shown in Table 1. The cell structure of hexagonal and square cell
bare DPFs are shown in Fig. 2. Each has the same size of Φ 144 mm × L 153 mm. The cell
density is 300 cpsi, and the wall thickness is 0.25 mm. Samples HEX bare and HEX
catalyzed have hexagonal cells, and samples SQ bare and SQ catalyzed have conventional
square cells. The inlet aperture ratio of the hexagonal cell DPF is 46.2 %, which is larger
than 34.2 % of the square cell DPF. The pore structure characteristics were measured by
mercury porosimetry (Micromeritics Co. AutoPore 9500). The porosity and the average
pore diameter of HEX bare and SQ bare were approximately 46 % and 16 m.

2.2. Controlled regeneration test
In general, for the DPF regeneration, the accumulated soot inside the DPF is
4
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burned using the exhaust gas under high engine speed [24]. Then, the controlled
regeneration test was conducted by an engine test bench with a Nissan QD32 diesel engine.
Each sample was loaded with 8 g/L soot in advance. A schematic of the experimental
setup is shown in Fig. 3. Table 2 shows the engine specifications, and Table 3 shows the
properties of diesel fuel used in this study. The engine was connected to an eddy current
dynamometer (Tokyo Plant Co. ED-150) to set the test condition with 1400 rpm and 190
N･m load for soot loading. A diesel oxidation catalyst or DOC (ACR Co. EXCAT C15)
was placed upstream of the DPF.
In order to burn the soot for filter regeneration, the temperature and the oxygen
concentration of exhaust gas were kept constant for 30 min [24]. The amount of burned
soot and the regeneration efficiency were calculated based on the DPF weight after the
regeneration test. As shown in Fig. 4, twelve K-type thermocouples were inserted into the
DPF channels from the outlet side of the DPF to measure the temperature inside the DPF.
Three sets of four thermocouples each were positioned at 4, 34, and 64 mm from the DPF
axis. The four thermocouples of each set were placed at 15, 30, 75, and 120 mm distance
from the DPF outlet. We controlled the DPF regeneration temperature by the
thermocouples of ch 7. We measured the oxygen concentration using an oxygen sensor
(Cosmos Co. XP-3180E). Three conditions were selected at different regeneration
5
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temperatures of 510, 550, 590 °C at engine speed of 3000 rpm. The oxygen concentrations
were 9.4, 8.2, 7.2 % by volume. These test conditions are shown in Table 4.

2.3. Uncontrolled regeneration test
Normally, the uncontrolled regeneration test is conducted to evaluate the thermal
stress caused by the rapid soot combustion inside the DPF, which is totally different from
the controlled regeneration situation. This could be a failure scenario for filter
regeneration. It could be caused by a sudden vehicle braking with the engine operating at
high load and speed, resulting in an onset of very fast regeneration due to the combination
of high temperature, low exhaust flow rate, and high oxygen content. In this case, the
unexpectedly fast regeneration would lead to much higher temperatures, possibly
damaging the DPF. Thus, the information on this kind of failure scenario is quite valuable
[15]. In the experiments, the soot loaded DPF connected to an exhaust pipe was heated by
exhaust gas under conditions of 3000 rpm (full throttle) followed by setting the engine at
idle speed (750 rpm, 0 N･m) as soon as the temperature measured by the thermocouples
of ch 7 reached 680 °C. Thus, it is called drop-to-idle test (DTIT) [25]. It should be noted
that the soot is hardly burned in conditions with full throttle, because the volumetric
oxygen concentration is very low (typically, 2 % by volume). However, at the engine idle
6
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speed, the soot burns rapidly because the exhaust gas contains more oxygen (19 % by
volume). Similar to the controlled regeneration test, the DPF temperature was measured
by thermocouples. The regeneration efficiency was calculated based on the DPF weight
after the test. The loaded soot amount in the DPF was 6 or 8 g/L.

3. Results and discussion
3.1. Controlled regeneration test
Figure 5 shows the variations of the temperature inside the DPF and the back
pressure (ΔP) in the controlled regeneration test. Results of hexagonal and square cell bare
samples are shown, separately. The results of condition 2 are shown, where the
regeneration temperature was maintained at 550 °C for 30 min. It is seen that the outer
temperature of ch 11 is lower than the inner temperature of ch3 because of the heat loss
toward the outside of the DPF. The back pressure gradually decreases for both samples,
because the deposited soot is burned, i.e. the DPF is regenerated.
It is well known that the back pressure during soot loading increases linearly with
the thickness of the soot cake [8,9]. Thus, in the filter regeneration process, as the soot
cake layer is decreased, the filter back pressure is lower. Interestingly, as seen in this
figure, the back pressure of the hexagonal cell DPF is lower than that of the square cell
7
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DPF. Although only the test condition 2 is shown in Fig. 5, this tendency was also
observed in test conditions 1 and 3, ensuring that the back pressure in the soot loaded DPF
is lower by changing the cell structure with higher inlet aperture ratio [23].
To discuss the filter back pressure and soot deposition layer, we compare the gas
flow with soot cake formation for the hexagonal and square cell DPFs (see Fig. 6). During
the initial filtration, independent of cell structure, the exhaust gas flows directly from the
inlet cell to the outlet cell (see “flow 1” in Fig. 6a). However, due to the increase of back
pressure in the hexagonal cell DPF, the gas flows from the inlet cell to the outlet cell
through the filter substrate wall (flow 2), as well as the original flow 1 [19]. In our
previous study [23], it was shown that the flow 2 which is from the inlet cell to the outlet
cell through the filter substrate wall could occur. Consequently, in the case of the
hexagonal cell DPF, the soot cake could be wider and thinner with lower back pressure,
because the hexagonal cell DPF has a larger aperture ratio and a larger filtration area.
Figure 7 shows SEM images of the soot cake regions of sliced hexagonal and
square cell DPFs with 8 g/L soot loading. The thickness of the soot layer is shown in these
images at different positions. It should be noted that, as seen in Fig. 7a, the soot cake of
the hexagonal cell DPF is formed on the wall of the inlet and inlet cells. The average
thickness of the soot cake of the hexagonal cell DPF is 117 m, which is smaller than 136
8
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m of the square cell DPF. Thus, the back pressure of the hexagonal cell DPF is lower
than that of the square cell DPF.
Figure 8 shows the comparison of the time variation of back pressure for each
sample in controlled regeneration test (test condition 2). Since the temperature profiles in
the catalyzed DPF are almost the same in Fig.5, the time variation of temperature is
omitted. It is seen that, independent of cell structure, the peak back pressure of the
catalyzed sample is slightly higher than that of the bare sample. This is due to the lower
porosity of the catalyzed DPF [9,20]. However, the back pressures of both catalyzed
samples decrease rapidly, and are lower than those of the bare samples. It is considered
that the soot burning is promoted by the catalyst.
After 1300 s, the back pressure of square cell catalyzed sample is smaller than
that of hexagonal cell catalyzed DPF. It should be noted that the initial (no soot loading)
back pressure of the square cell DPF is lower than that of the hexagonal cell DPF [23].
Therefore, the back pressure of the square catalyzed DPF could be lower than that of the
hexagonal catalyzed DPF, if the accumulated soot burns to some extent.
In order to evaluate the catalytic effects of different cell structures, we examined
the filter regeneration efficiency [9,23], which was calculated from:
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M 
regeneration efficiency   1   100
 M0 

(1)

where M0 is the initial amount of loaded soot before regeneration, and M1 is the amount of
burned soot during regeneration. Results at different DPF regeneration temperatures are
shown in Fig. 9. It is seen that, for all samples, the regeneration efficiency is increased
with an increase of the regeneration temperature. Song et al. [26] have reported a
relationship between the DPF inlet temperature and the back pressure during regeneration.
More soot is burned during DPF regeneration when the oxygen concentration is increased.
In our previous study [27,28], the effect of the oxygen concentration was also examined in
the numerical simulation, showing that the soot oxidation is substantially promoted at
higher oxygen concentration. However, as seen in Table 2, when the DPF regeneration
temperature is higher, the oxygen concentration is lower. Thus, in the controlled
regeneration test, more soot is burned at higher regeneration temperature, even if the
oxygen concentration is lower.
As seen in Fig. 9, for both the hexagonal and square cell DPFs, the regeneration
efficiency of catalyzed DPFs are clearly higher, indicating a marked effect of the catalyst.
In particular, a greater increase in the regeneration efficiency for the catalyzed sample is
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seen at lower regeneration temperatures of 510 °C and 550 °C. Additionally, independent
of the DPF regeneration temperature, the regeneration efficiency of the hexagonal cell
DPF is higher than that of the conventional square cell DPF. Although the difference
between square and hexagonal cell DPFs in Fig. 9 is small, the tendency was not changed
even if the DPF regeneration temperature is varied. Therefore, for catalyzed or
non-catalyzed DPF, the regeneration efficiency of the hexagonal cell DPF can be higher.
It is also important to consider the contact area between exhaust gas and soot
deposition layer, because the soot oxidation rate is determined by the oxygen supply. As
shown in Figs. 6 and 7, the hexagonal cell DPF has a large soot accumulation area because
of the larger inlet aperture ratio, compared with the square cell DPF. Hence, more soot
reacts with oxygen in the case of the hexagonal cell DPF. Thus, independent of the
regeneration temperature, the regeneration efficiencies of the hexagonal cell DPFs are
higher than those of the square cell DPFs.

3.2. Uncontrolled regeneration test
Next, the uncontrolled regeneration drop-to-idle-tests (DTIT) were performed.
This test simply models the situation where the fuel dosing is stopped with more oxygen
supply in the diesel engine combustion. In this case, the temperature inside the DPF could
11
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be extremely higher. Figure 10 shows the comparison of the regeneration efficiency for
each sample, at different soot loads. The accuracy of the regeneration efficiency was
evaluated in several tests. The error in regeneration efficiency in DTIT was 3 % or less. In
Fig. 10, it is seen that the regeneration efficiency is higher as more soot is accumulated (8
g/L). As for the non-catalyzed DPF, the regeneration efficiency of the hexagonal cell DPF
is higher than that of the square cell DPF, which is the same trend in the controlled
regeneration test. This could be due to the larger contact area, so that the soot is reacted
with more oxygen in the hexagonal cell DPF. However, in the case of catalyzed samples,
smaller difference in regeneration efficiency is observed between the hexagonal and
square cell DPFs. Even for the 6 g/L soot loaded DPF, the regeneration efficiency reaches
approximately 90 %. Thus, the soot oxidation is largely promoted by the catalyst, and a
smaller effect of cell structure is observed.
The temporal variation of the DPF temperature during the DTIT is shown in Figs.
11 and 12 for soot loads of 6 g/L and 8 g/L, respectively. The temperature was measured
by the K-type thermocouples with no value over 1300 °C obtained. Independent of the
measuring position, the maximum temperature of the catalyzed DPF is higher than that of
the bare DPF. Additionally, the time to reach maximum temperature can be shorter.
Although the temperature is higher for the 8 g/L soot loaded sample, the above-mentioned
12
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tendencies are also observed in Fig. 12. This is because the soot combustion is largely
promoted by the catalyst.
Figure 13 shows the relationship between the burned soot amount and the
maximum temperature. In the case of catalyzed samples with 8 g/L loaded soot, the maximum
temperature was over 1300 °C. It is found that the maximum temperature of the catalyzed
DPF is approximately 200 °C higher than that of the bare DPF. Interestingly, regardless of the
bare or catalyzed DPF, the maximum temperature increases linearly as more soot is burned.
This is simply because the maximum temperature depends on the burned soot, and is
independent of the loaded soot amount.
In the case of the 8 g/L DTIT in Fig. 12, the peak temperature of the hexagonal cell
bare DPF is larger than that of the square one. That is, when the burned soot amount is the
same, the maximum temperature of the hexagonal cell DPF is lower. Note that, in the case
of the hexagonal cell DPF, the maximum temperature could be reduced when the amount of
burned soot is the same. From this point of view, in comparison with the conventional square
cell DPF, the hexagonal cell DPF has better thermal durability. In other words, when the
hexagonal cell structure is adopted, lower thermal stresses develop inside the DPF under
uncontrolled regeneration.
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4. Conclusions
We have investigated the soot combustion (oxidation) under controlled and
uncontrolled regeneration, by using catalyzed or bare hexagonal and conventional square cell
DPFs. From the results obtained, the following conclusions may be drawn:
1.

In the case of the hexagonal cell DPF, the soot oxidation is enhanced, and the
regeneration efficiency is higher under controlled regeneration. Since the hexagonal cell
DPF has a larger filtration area, the soot cake can be thinner. Therefore, the back
pressure of the hexagonal cell DPF with soot cake is lower than that of the square cell
DPF. Although the peak back pressure of the catalyzed DPF is higher, the back
pressure decreases rapidly compared with that of the bare sample.

2.

Under uncontrolled regeneration (DTIT), in the case of catalyzed samples, the time to
reach maximum temperature can be shortened, with higher maximum temperature
values. Regardless of the bare or catalyzed DPF, the maximum temperature increases
linearly as more soot is burned. This is simply because the maximum temperature
depends on the burned soot amount.

3.

For all samples, the regeneration efficiency in the DTIT test is higher as more soot is
accumulated. The maximum temperature is lower in the case of the hexagonal cell
DPF at the same amounts of burned soot. Therefore, in comparison with the
14
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conventional square cell DPF, the hexagonal cell DPF has better thermal durability
under uncontrolled regeneration.
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Exhaust gas flow

Porous ceramic wall

Fig. 1.

A schematic of wall-flow diesel particulate filter (DPF).
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Fig. 2.

Appearance and cell structure of (a) hexagonal

cell DPF, (b) square cell DPF.
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Fig. 6.

Comparison of the gas flow with soot cake

formation between (a) hexagonal cell DPF, and (b) square
cell DPF. Flow 1 is directly from inlet cell to outlet cell,
and flow 2 is from inlet cell to outlet cell through the filter
substrate wall.
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Fig. 7.
SEM images of the soot cake regions of (a)
hexagonal and (b) square cell DPFs with 8 g/L soot
loading.
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Fig. 8.

Temporal variation of back pressure on each

sample in controlled regeneration test (test condition 2).
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Fig. 10.

Regeneration efficiency at different soot loaded

amount.
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Temporal variation of DPF temperature in drop-to-idle test (6 g/L soot loading

sample); (a) bare hexagonal cell DPF, (b) bare square cell DPF, (c) catalyzed hexagonal cell
DPF, (d) catalyzed square cell DPF.
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Temporal variation of DPF temperature in drop-to-idle test (8 g/L soot loading

sample); (a) bare hexagonal cell DPF, (b) bare square cell DPF, (c) catalyzed hexagonal cell
DPF, (d) catalyzed square cell DPF.
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Table 1 Sample specifications.
Sample

HEX bare

Substrate
Size (mm)
Cell Geometry
Cell Density (cpsi)
Wall Thickness (mm)
Open Frontal Area (%)
Open Rear Area (%)
Porosity (%)
Average Pore Diameter (m)
Washcoat
Pt Loading

Hexagon
300
0.25
46.2
22.6
46.3
16.0
uncoated
none

SQ bare

HEX
catalyzed
SiC (silicon-carbide)
D144, L153
Square
Hexagon
300
300
0.25
0.25
34.2
46.2
34.2
22.6
46.5
unknown
16.8
unmeasured
uncoated
coated
none
Pt-catalyzed

Table 2 Engine specifications.
Model
Engine type
Cylinders
Valve mechanism
Displacement
Rated power
Peak torque
EGR system
Turbocharger

NISSAN QD32
4 stroke, swirl chamber, diesel
4, in-line
OHV
3.153 L
72 kW @ 3600 rpm
216 Nm @ 2000 rpm
none
none (naturally aspirated)

Table 3 Properties of diesel fuel.
Flash point (°C)
Distillation range (°C)
Density at 15°C (g/cm3)
Sulfur content (ppm)

45 – 110
140 - 400
0.80 – 0.87
<10

Table 4 Test conditions.
Test condition
Engine speed (rpm)
Throttle angle (%)
Torque (Nm)
Exhaust gas temp (°C)
Regeneration temp (°C)
O2 concentration (%)

1
3000
65
100
550
510
9.4

2
3000
68
110
600
550
8.2

3
3000
70
120
650
590
7.2
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SQ
catalyzed

Square
300
0.25
34.2
34.2
unknown
unmeasured
coated
Pt-catalyzed

