Non-catalytic After-treatment for Diesel Particulates
Using Carbon-fiber Filter and Experimental Validation

by

Kazuhiro YAMAMOTO, Fumihiro FUJIKAKE, Kenta MATSUI
Department of Mechanical Science and Engineering, Nagoya University
Furo-cho, Chikusa-ku, Nagoya, Aichi 464-8603, JAPAN

ABSTRACT
Recently, the stricter diesel emission standards have been setting and an after-treatment of exhaust gas is
needed. In this study, as a potential non-catalytic system, the after-treatment using a carbon-fiber filter was
investigated, where soot particulates are burned by an electric heater. In the vehicle tests, the experimental
validation for our proposed system was conducted, where the soot volume fraction and particle size
distribution in diesel exhaust gas were measured. Since the filter was attached to the exhaust pipe, the filter
backpressure increased with higher soot emission. Thus, the performance of the filter was evaluated under the
same pressure condition. It is confirmed that, the soot emission is greatly reduced by trapping the diesel soot.
In addition, the particle number concentration is smaller, so that most of soot particulates are trapped and
burned inside the filter. However, in the after-treatment process, particulates less than 30 nm are newly formed.
In experiments, the information on the soot oxidation process was limited, and the numerical simulation was
performed to investigate temperature field and soot oxidation rate in the filter. It is found that the continuous
regeneration is largely promoted by increasing the filter wall temperature. Hence, it is necessary to pay more
attention on the effect of filter wall temperature on the particle size for more reduction of smaller particulates.

1. Introduction
Diesel vehicles have features of low fuel consumption and high durability, and can reduce the release
of CO2 (greenhouse gas). However, particulate matters (PM) including soot are exhausted from diesel
vehicles, which cause environmental problems such as adverse health effects [1]. Recently, much attention
worldwide has been given to the influence of nanoparticles in the atmosphere. It should be noted that, in the
current regulations, we do not have to consider very fine nanoparticles, because their mass is very low.
However, if the regulation is set based on particle number, these particulates should be removed as well.
Indeed, the Euro VI in 2013-14 will be set for the regulations of PM from the conventional weight basis to a
particle number basis [2,3]. Thus, in addition to an improvement of in-cylinder combustion, an after-treatment
technology with a diesel particulate filter (DPF) is needed [3-7].
Although many types of filters have been developed, most of commercially available DPF are
ceramic honeycomb filters. When the exhaust gas passes through DPF, PM is accumulated and removed in
the thin filter wall. The filtration efficiency could be over 99% [5,8]. One problem is the occurrence of an
increase in filter backpressure due to collection of PM. A subsequent worsening of fuel efficiency and engine
output has been reported [4-6]. In order to prevent these disadvantages, a continuously regenerating DPF has
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been proposed, which traps and oxidizes PM simultaneously [3,7,9]. There are three types of filter
regeneration; thermal regeneration, catalytic regeneration, and aerodynamic regeneration [4]. Although the
aerodynamic regeneration is conducted by using compressed air, the removal of deposited PM may not be
enough. In addition, the thermal durability of existing platinum catalyst-supported DPF is inadequate, which
means that the catalyst may be damaged by PM oxidation and the filter may also be cracked. Since platinum
is a rare metal, an establishment of new PM treatment technologies without recourse to catalysts could be
urgently required. Hence, it is necessary to develop a non-catalytic after-treatment of diesel particulates with
highly thermal durability.
Figure 1 shows a schematic of our after-treatment system, with a direct photograph of a filter [10].
The exhaust gas is forced to pass through the filter, and particulates are removed by the conical-shaped
carbon-fiber filter with enough thermal durability. Needless to say, the carbon-fiber has been widely used in
aerospace industry. The average porosity is approximately 0.8. The porosity of the conventional ceramic filter
is from 0.4 to 0.5 [3-7]. Then, the filter backpressure of the carbon-fiber filter is expectedly lower.
In order to prevent clogging of the filter, an electric heater is used during vehicle running. Dependent
on the situation, air is introduced to promote PM oxidation without catalysts, which was not applied in this
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study. Consequently, the continuous regeneration is achieved. However, in the vehicle tests, only the pressure
drop (filter backpressure) and the exhaust gas emission are measured, and the information is limited
[5,8,10,11]. It is difficult to observe how PM is deposited and oxidized inside the carbon-fiber filter. So far, we
have succeeded in developing a numerical scheme for the soot deposition and oxidation using the lattice
Boltzmann method (LBM) [9,12-15].
In the present paper, vehicle tests are conducted to evaluate the proposed system using a laser-induced
incandescence (LII) for diesel soot measurements. Additionally, to identify conditions required for continuous
regeneration, the after-treatment with the carbon-fiber filter is numerically simulated. In order to consider the
phenomenon inside the actual filter, the inner structure of the filter is obtained using an X-ray computed
tomography (CT) technique, and the tomography-assisted simulation is performed using LBM.

2. Experimental setup
2.1. LII system
To detect diesel nanoparticles, we used the LII technique. It is one of the laser diagnostics with abilities
to measure very low soot concentration [16-21], ensuring that we could validate the after-treatment system.
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Fig.1

The advantages of LII are as follows: (1) soot concentration can be measured with high resolution of time and
space; (2) because of non-intrusive measurement, the effect of LII on the measuring field can be minimized
[22]; and (3) since two-dimensional measurement by a laser-sheet can be performed, the spatial distribution is
obtained.
Figure 2 shows an experimental setup. In the LII system, soot concentration and soot particle size are
generally evaluated based on the signals from incandescence of soot particulates irradiated by the
high-intensity laser. A frequency doubled (532nm, 10Hz) Nd:YAG laser was used for the light source. In
order to conduct outdoor experiments in vehicle tests, a compact laser device (Inlite produced by Continuum
Inc., USA) was used. Its laser head is only 84 mm (H) × 94 mm (W) × 323 mm (L), and its weight including
the power supply section is only 35 kg; i.e., this device is convenient for portable use. The maximum output
was 125 mJ/pulse at 532 nm. The energy fluctuation from pulse to pulse was negligible. Since the soot
concentration in exhaust gas was uniform, a laser beam instead of the laser sheet was used to improve
signal-to-noise ratio (SNR). Its beam diameter was 2 mm, and the LII signal was obtained along the beam
line in Fig. 2. Images were detected by a CCD camera with an image intensifier (Hamamatsu Photonics K. K.,
Japan). A band-pass filter (FWHM = 10 nm) with the central wavelength at 400 nm was installed in front of
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ICCD camera [17,18,20]. The pixel number of the camera was 1024 × 1024, and the image area was 34 mm
× 34 mm. Silica glass was attached to the camera to protect the lens and optical filter from exhaust gas. The
gate width of the image intensifier was set at 50 ns for noise reduction. The signals were recorded by a
Fig.2

personal computer for data analysis.
Next, the calibration procedure of LII signal is explained [16,21]. The LII signal in flames was
measured using a coaxial jet diffusion flame burner, converted into soot volume fraction. The burner size and
flow conditions were the same in Ref. 16. Figure 3 shows the relationship between LII signal and soot
volume fraction of jet diffusion flame. The fuel was methane. The fuel velocity was 4 cm/s in condition 1, and
7.78 cm/s in condition 2. For both cases, the air velocity was 7.9 cm/s. We obtained LII signals by changing
the axial distance from the burner, compared with the reported soot volume fraction [16,22]. Although the LII
signal of luminous flame was varied further downstream due to the flickering behavior, it was confirmed that
the LII signal is proportional to the soot volume fraction.
The primary particle size was measured with a LII200 (Artium Technologies Inc., USA) [23], which
was validated by a sampling system with SMPS (Scanning Mobility Particle Sizer, TSI Model 3034).
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Fig.3

2.2. Vehicle test
Using the above-mentioned apparatus, the soot emission and particle size exhausted from an actual
vehicle were measured. The diesel vehicle was a Mazda MPV. The type was KD-LVLW produced in 1995,
and its engine displacement was 2499 cc. The standard ultra-low-sulfur diesel fuel was used, with 10 ppm or
less of sulfur. As shown in Fig. 1, the electric heater implemented with a usual 12V battery was used in the
after-treatment system. The measuring area was 10 mm after the exhaust pipe outlet. The same experimental
approach in our previous study was applied by keeping the same load [8]. Various driving conditions were
tested at different engine speed, which was adjusted to the following 7 levels: 900, 1500, 2000, 2500, 3000,
3500, and 4000 rpm. The temperature and pressure of the exhaust gas were monitored before entry into and
after leaving the filter. The temperatures of the exhaust gas and the filter wall were set to be 400 and 700 ºC
[24], respectively. By using two sets of thermocouples, these temperatures were monitored. Since the heat
conduction of the carbon-fiber filter was very high, the temperature inside the filter wall was uniform.
However, except for the temperature measurement, it was difficult to observe the soot oxidation phenomena
inside the filter by experiments. Then, by changing the filter wall temperature, we examined the soot
oxidation process (see section 4.5).
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As explained before, due to particulate deposition, the filter will become clogged to increase the filter
backpressure. Especially, there is an initial filter backpressure without any particle deposition. In this
measurement, to presume a change in filter backpressure, many sets of packing with various orifice diameters
were used, inserted into the middle of the exhaust pipe using flanges. Figure 4 shows an example of an actual
attachment. The original diameter of the exhaust pipe was 58 mm ( 58), and the backpressure was changed
by inserting the packing with an orifice diameter of  15, 18, 20, 26, or 30 mm. Then, we can validate our
filtration system under the same pressure condition (see section 4.3). For each test, a set of 300 images was
Fig.4

recorded.

2.3. Carbon-fiber filter and X-ray CT measurement
As shown in Fig. 1, the exhaust gas is forced to pass through the filter to trap diesel particulates. The
housing electrical heaters were placed to raise filter wall temperature. Figure 5 shows the image of inner
structure of the carbon-fiber filter obtained by a three-dimensional X-ray CT technique. SiC composite
material with enough thermal durability was used, and its typical fiber diameter was 10 m. Dotted box in Fig.
1 shows roughly a view field of Fig. 5. Non-destructive nature of the CT technique allows visualization of
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inner structure needed for simulation [9,12-15]. The thickness (L) of the filter was 3.1 mm, and the spatial
resolution of CT measurement was 13.3 μm/pix, which was the grid size in the simulation. Comparing with
our previous work [14], the larger grid size was chosen, simply because the filter thickness was larger. In our
preliminary measurement, the size and number of grid system were changed. It was confirmed that the grid
size of 13.3 μm was enough to construct the carbon-fiber structure. The part of the filter enclosed by the
Fig.5

dotted line in Fig. 5 was used in the simulation.

3. Numerical method
Previously, we have proposed a numerical scheme to simulate the combustion field by LBM [25]. So
far, the flow and the soot oxidation process inside the filter have been well simulated [10,12-15]. For the
continuously regenerating trap system, both soot deposition and oxidation must be considered simultaneously.
Since the numerical scheme for soot oxidation has been found in our references, the approach to describe the
soot deposition model is explained here.
The soot concentration in the gas phase is determined by convection, diffusion, and chemical reaction
[10,15]. That is, the soot is transported by the convective motion of gaseous mixture and the mass diffusion

8

caused by the concentration gradient. Also, the soot is consumed by the oxidation. The LB equation for soot
mass fraction is,

FC , ( x  e  t , t   t )  FC , ( x, t )  

1

C

[ FC , ( x, t )  FCeq, ( x, t )]  w QC

(1)

where FC is the distribution function for soot mass fraction, e is the unit vector in lattice coordinate, t is the
time step, and C is the relaxation time related with diffusion coefficient. The source term, QC, is determined
by the soot oxidation rate, and the equilibrium distribution function, FC,eq, is given by


(e  u) 9 (e  u) 2 3 u  u 
FCeq,  w YC , g 1  3  2 


c
2 c4
2 c2 


( 2)

where w is the numerical constant in equilibrium formula in LB model. The local velocity vector of u is
obtained by the distribution function of flow field [12-14,25]. The mass fraction of soot in gas phase is
obtained by the sum of the distribution function as YC, g = F C,. It should be noted that soot in gas phase
accumulates on the filter surface or the soot layer. The soot deposition is described by the modified particle
deposition model. Our approach is similar to the particle deposition model using deposition efficiency [26].
Different from Lagrangian approach through the equation of motion, individual particles are not considered.
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Instead, the soot concentration is monitored, so that we do not have to consider the complex geometry of
nanoparticles [17,21]. The mass fraction of deposited soot is given by

YC ,s ( x , t   t )   FC , ( x , t )  PD  YC ,s ( x , t )

(3)



where YC, s is the mass fraction of deposited soot treated as the solid phase, and PD is the soot deposition
probability, which controls the amount of deposited soot to the filter [10,15]. If PD is unity, soot is thoroughly
deposited at the filter surface without reflection. Else, some of particles are bounced back and transported
downstream. As the soot deposition is continued, the soot mass fraction sometime becomes unity. When this
limit is reached, the solid site is piled up, and the deposited soot region is treated as non-slip wall, which
implies a dynamic change of boundary condition for fluid. In our preliminary experiments, we determined the
value of PD. For carbon-fiber filter, PD was 0.001 [15]. Then, we adopted this value in the simulation.
The calculation domain and coordinate in the simulation are shown later (see Fig. 10a). The
calculation domain is 5.19 mm  0.53 mm  0.53 mm. The total number of grids is 391 (Nx) × 41 (Ny) ×
41 (Nz), with grid size of 13.3 m, corresponding to the spatial resolution of the CT measurement. As
explained in Fig. 5, the part of CT data was inserted at the center of the calculation domain. For the boundary
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condition, the inflow boundary was adopted at the inlet. The inflow velocity is 1 m/s. The temperature of
exhaust gas is 400℃. The soot mass fraction is 4.54  10-5, corresponding to the value in experiments [15].
Oxygen concentration is 10% in volume (0.113 in mass fraction), which is a typical value of diesel exhaust
gas [14,27]. At the side wall, the slip boundary condition was adopted, considering the symmetry. At the outlet,
the pressure was constant, and the gradient of scalar such as temperature and mass fraction was set to be zero.
On the filter surface or the deposited soot layer, the non-slip boundary condition was adopted. For the reaction
scheme, an over-all one step reaction proposed by Lee et al. was adopted [28].

4. Results and discussion
4.1. Observation of filter surface
To discuss the filter structure after deposition of diesel particulates, the filter surface was observed with
a laser beam microscope (VK-9500; Keyence Corporation, Japan). Figure 6 shows images of the filter
surface before and after deposition in vehicle tests, respectively. The engine speed was 1500 rpm and the
temperature of exhaust gas was 400 ºC. Since we could not mark the view field of filter, these images show
different area with the same size. In order to observe the state after deposition, the filter regeneration by
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electric heating was not performed. As shown in Fig. 6a, carbon-fibers are clearly observed. When soot
adheres to the filter surface in Fig. 6b, the fiber diameter becomes larger than doubling their previous size.
Based on CT measurement, the average porosity in Fig. 6a is approximately 0.8 before deposition, and it
changes to be 0.4 after deposition. Thus, without the filter regeneration process, the filter is easily clogged by
the soot deposition, and consequently, the filter backpressure largely increases.

Fig.6

4.2. Backpressure with changing engine speed
The vehicle test was conducted to evaluate the proposed system. Here, the backpressure (ΔP ) was
monitored at different engine speed (R). Figure 7 shows the relationship between R and ΔP, obtained by
equipping a packing with orifice diameter of  15−30 mm or the filter. As already explained, the diameter of
exhaust pipe was 58 mm, and the condition without orifice was shown simply by  58 mm. It is found that the
backpressure increases at higher engine speed. This tendency appears more pronounced as the orifice
diameter is smaller. Additionally, ΔP is increased when the carbon-fiber filter is equipped, corresponding to
Fig.7

the value with a packing of  26 mm.
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4.3. Soot volume fraction
The soot volume fraction in diesel exhaust gas was measured by the LII technique. As already
explained in section 2.1, the LII signal was converted to soot volume fraction. Results are shown in Fig. 8.
The soot concentration in exhaust gas was uniform, and the data derivation in LII measurement was within
10 %. Only mean values using 300 images are plotted. As seen in this figure, the soot volume fraction is
almost constant when R is in the range of 1500−2500 rpm, and increases above 2500 rpm. This tendency is
more apparent when a packing with smaller orifice is equipped. By comparing these results with the
backpressure in Fig. 6, an increase in the soot volume fraction is revealed as ΔP increases.
It has been reported that more soot is formed in diffusion flames under high pressure [29−32].
Therefore, in addition to the soot aggregation, the soot emission may increase due to the higher backpressure.
Alternatively, the higher back-pressure could make the scavenging process less effective in cylinder with
valve system of engine, yielding a lower air-fuel ratio to promote soot formation. Since ΔP with a packing of
 26 mm is the same as that with the filter, it was possible to evaluate the performance under the same
pressure condition. Apparently, the soot volume fraction was greatly decreased by equipping the filter, and the
validity of the proposed system was confirmed.
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Fig.8

4.4. Soot particle size
To study further, the primary soot particle size was investigated, using the filter and the packing of 
26 mm. Figure 9 shows particle size distributions of primary soot at R = 1500 and 2500 rpm. The size
distribution of  26 mm well corresponds to the typical distribution of diesel exhaust gas [33]. Interestingly,
the particle number is largely decreased and the particle size is smaller due to the filtration. However, smaller
particulates less than 30 nm are newly formed. This could be because soot particulates become smaller due to
surface burning [34]. That is, when carbon particles are oxidized, the particle size is firstly decreased. Then,
parts of the chain structure are thought to be torn, thereby generating smaller particles. Since the emission of
these nanoparticles may cause a health concern, more improvements of the system are needed.

4.5. Simulation of after-treatment process
A numerical simulation was performed to investigate the phenomena inside the carbon-fiber filter in
detail. Fig. 10a shows the computational domain with coordinate system, where x is the flow direction of
exhaust gas. The simulated 3D profile of deposited soot is shown in Fig. 10b. The filter wall temperature (Tw)
was set at 700ºC. In Fig. 10b, the color profile in x-y plane expresses the distribution of soot mass fraction in
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Fig.9

gas phase, the purple three-dimensional contour expresses the deposited soot, and the gray contour expresses
the filter. As shown in this figure, the soot concentration gradually decreases inside the filter, and a large
amount of soot is deposited on the surface of carbon-fiber.

Fig.10

Figure 11 shows distributions of soot mass fraction in gas phase, temperature, and reaction rate. These
are obtained in x-y plane at the center of the computational domain at Tw = 700ºC. As seen in Fig. 11a, the
soot concentration is almost zero at the filter outlet. Along the filter wall, the temperature rise due to the soot
combustion is not constant in Fig. 11b, and 110ºC is the maximum at this condition. In downstream, the
temperature is almost constant, because the soot oxidation rate is small. The oxygen concentration is not
varied much, because the soot concentration in exhaust gas is very low. In Fig. 11c, the reaction rate is large
on the carbon-fiber filter, and it is very small in gas phase. Therefore, it is considered that soot in exhaust gas is
firstly deposited, and then oxidized on the carbon-fiber filter.
Next, the effect of filter wall temperature is examined. Figure 12 shows the profile of deposited soot
along the flow direction. The filter wall temperatures are 700, 1200, 1400 ºC. It is found that, at the area near
the filter inlet (1 mm < x < 1.5 mm), the soot concentration tends to decrease regardless of Tw. Therefore, in
this region, the half of soot in exhaust gas is deposited. In the range of 1.5 mm < x, the large difference
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Fig.11

between three profiles is observed, because more soot is oxidized at higher Tw. The soot is oxidized
completely at Tw = 1200 and 1400 ºC. Hence, the soot oxidation is largely promoted by increasing the filter
wall temperature [4]. In the future study, we need to pay more attention on the effect of filter wall temperature
or air injection on the particle size to reduce the emission of smaller particulates.

5. Conclusions
In this study, the exhaust gas after-treatment using the carbon-fiber filter was investigated as a potential
non-catalytic system. In experiments, the vehicle test was conducted to monitor the soot volume fraction and
particle size. In order to realize the same pressure condition with the filter, the exhaust pipe was equipped with
packing of different orifice diameter. In addition, the numerical simulation was performed. The following
conclusions were drawn:

(1) When the engine speed is increased, the soot volume fraction is increased, resulting in higher
backpressure. Based on observation of filter surface without electric heating, soot adheres to carbon fibers,
and the diameter becomes larger than doubling their thickness. Because of soot deposition, the average
porosity is decreased approximately from 0.8 to 0.4.
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(2) By equipping the filter, the backpressure is higher, which could increase the soot emission in exhaust gas.
The backpressure with the filter is the same as that with the packing of  26 mm. When the performance
of the filter is evaluated under the same pressure condition, the performance of the proposed system can
be evaluated.
(3) Since the size and number concentration of particulates are largely decreased, most of soot particles are
trapped and burned inside the filter. However, smaller particulates less than 30 nm are newly formed.
This could be because the soot aggregation collapses to form smaller nanoparticles in the combustion
process.
(4) Inside the filter, the soot in exhaust gas is firstly deposited, and then oxidized on the carbon-fiber filter. As
the filter wall temperature is higher, the soot oxidation is largely increased. Thus, the filter wall
temperature is the key to promote the soot oxidation process for more reduction of smaller particulates.
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Figure captions

Fig. 1 A schematic of after-treatment system. Dotted box roughly shows a view field of Fig. 4.
Fig. 2 Experimental setup for LII system.
Fig. 3 Soot volume fraction and LII signal of jet diffusion flames are shown. Fuel is methane. The fuel
velocity is 4 cm/s at condition 1, and 7.78 cm/s at condition 2. For both cases, air velocity is 7.9 cm/s.
Fig. 4 Exhaust pipe and flange with packing.
Fig. 5 Image of inner structure of carbon-fiber filter by an X-ray CT technique.
Fig. 6 Images of filter surface; (a) before deposition, (b) after deposition.
Fig. 7 Backpressure equipped with packing with different orifice diameter or filter.
Fig. 8 Soot volume fraction equipped with packing with different orifice diameter or filter.
Fig. 9 Particle size distributions of primary soot equipped with packing with 26 or filter; (a) R=1500 rpm,
(b) R = 2500 rpm.
Fig. 10 (a) Computational domain with coordinate system, (b) 3D distribution of deposited soot inside filter.
Profile in x-y plane expresses distribution of soot mass fraction in gas phase. Purple color-shaded contour
expresses deposited soot. Gray contour expresses filter.
Fig. 11 Distributions of (a) soot mass fraction in gas phase, (b) temperature, (c) reaction rate; Tw=700℃.
Fig. 12 Distributions of deposited soot at Tw=700, 1200, 1400℃.
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Fig. 1 A schematic of after-treatment system.
Dotted box roughly shows a view field of Fig. 4.
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Fig. 2 Experimental setup for LII system.
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Fig. 2 (enlarged)
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Fig. 3 Soot volume fraction and LII signal of jet diffusion
flames are shown. Fuel is methane. The fuel velocity is 4 cm/s
at condition 1, and 7.78 cm/s at condition 2. For both cases,
air velocity is 7.9 cm/s.
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Fig. 4 Exhaust pipe and flange with packing.
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Fig. 5 Image of inner structure of carbon-fiber filter
by an X-ray CT technique.
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Fig. 6 Images of filter surface; (a) before deposition, (b) after deposition.
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Fig. 7 Backpressure equipped with packing with different orifice diameter or filter.
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Fig. 8 Soot volume fraction equipped with packing with different orifice diameter or filter.
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Fig. 9 Particle size distributions of primary soot equipped with packing with 26 or filter; (a) R=1500 rpm,
(b) R = 2500 rpm.
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(a)

(b)

Fig. 10 (a) Computational domain with coordinate system,
(b) 3D distribution of deposited soot inside filter. Profile in x-y
plane expresses distribution of soot mass fraction in gas phase.
Purple color-shaded contour expresses deposited soot. Gray
contour expresses filter.
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(a) YC,g

(b) T (ºC)

(c) WC (kg/m3s)
Fig. 11 Distributions of (a) soot mass fraction in gas phase, (b) temperature, (c) reaction rate; Tw=700℃.
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Fig. 12 Distributions of deposited soot at Tw=700, 1200, 1400℃.
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