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Abstract: A diesel particulate filter (DPF) is an important technology that can meet emissions 

regulations of particulate matter (PM). Generally, high filtration efficiency is achieved, after a thin 

soot layer is formed on the surface of a porous ceramic filter wall, but some PMs may pass through 

the filter in the early period. Therefore, an investigation of the soot layer formation for the PM 

filtration mechanism is needed. In this study, the filtration efficiency of SiC-DPF in the early period 

was measured by a PM counter, together with SEM observation of the soot layer formation. In 

addition, the quantification of soot layer formation was tested in terms of the surface roughness of 

the filter wall surface. Results showed that as the soot layer was formed, the value of surface 

roughness became smaller, with filtration efficiency higher, and there is a correlation between the 

filtration efficiency and the surface roughness. Thus, the degree of soot layer formation can be 

evaluated quantitatively by the surface roughness. 
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1 Introduction 

     Diesel engines have excellent advantages such as high thermal efficiency, low fuel 

consumption and less CO2 emission, compared with gasoline engines. However, more soot particles 

(particulate matters, hereafter deferred to as PM) are contained in the diesel exhaust gas, which are 

concerned with various health and environmental problems1). Therefore, the exhaust gas regulations 

for diesel vehicles are becoming more severe year by year2). A diesel particulate filter (DPF) has 

been developed as an important technology for clearing a major hurdle about such regulations. The 

DPF collects PM while it is exposed to high temperature exhaust gas. Since a complete combustion 

of accumulated soot is achieved, a ceramic with high thermal durability is generally used for DPF. 

Figure1 is a schematic of the wall flow DPF. It has a wall flow monolithic honeycomb structure 

with alternated plugging, with a number of channels termed as cells and the ceramic walls 

consisting of channels for a filtering role.  

     It is desirable for the DPF to have a high filtration efficiency, but some PMs may pass 

through in the initial PM filtration. This is attributable to the structure. The size of the PM to be 

collected is around 80 nm, while the pore size of the ceramic wall of DPF is approximately from 10 
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to 20 �m. In order to improve the filtration efficiency, there are various approaches such as 

decreasing the porosity of the ceramic filter wall, reducing the mean pore size, and increasing the 

thickness of the filter wall. However, by these methods, the gas permeability becomes worse and 

the back pressure is increased. Large pressure drop results in higher fuel consumption. Therefore, 

for the filter properties, simultaneous pursuit of high filtration efficiency and low-pressure loss is 

desirable. In regards to the initial PM filtration process, the following filtration mechanism has been 

reported: firstly, PM is collected inside of the ceramic filter wall termed as “depth filtration”, and 

then collected PM adsorbs each other along the pores inside the filter wall, called “bridge 

formation”. Due to partial blocking of the flow paths inside of the ceramic wall, the flow resistance 

rapidly increases, with pressure loss higher. Then, PM is collected by a soot layer formed on the 

surface of the ceramic filter wall, termed as “surface filtration”. On this stage, a PM leakage 

becomes small, and the better filtration efficiency is achieved3-5).  

However, it is very difficult to confirm the above phenomena inside of the thin filter wall 

directly. There was an experimental report6), where a part of the DPF wall was visualized by 

equipping DPF with a glass in a laboratory. So far, the process of soot layer formation has not been 

observed using DPF under practical operation conditions. It is not easy to measure the filtration 

efficiency in real time, together with the degree of soot layer formation. For realizing a high 

filtration performance, we should verify the above filtration mechanism in advance.    

     In this study, we tried to reveal that the better filtration efficiency is achieved by the soot 

layer formation in the initial PM filtration. In experiments, the filtration efficiency of the DPF was 

measured by using a particle counter in an engine test bench. To quantify the degree of soot layer 

formation, the filter wall surface with soot accumulation was observed by SEM imaging, and the 

surface roughness (Ra) was investigated.   

 

2 Experimental Apparatus 

2.1 DPF 

     In experiments, an SiC DPF was used, with 144 mm diameter and 153 mm length. The cell 

density was 200 cpsi (cell per square inch), and the filter wall thickness was 0.4 mm. Although a 

variety of materials was used for the DPF, SiC has the advantage of excellent thermal durability. 

According to the mercury porosimetry, the porosity of the ceramic filter wall was 58 % and the 

mean pore size was 20 �m. 

 

2.2 Measurement of PM number concentration 

     DPF tests were carried out using an engine test bench. A Nissan Caravan QD32 engine 
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(Diesel engine, displacement was at 3.153L) was used as the soot generator. Table 1 shows the 

engine specifications. An engine test bench facility allowed the operations with various conditions, 

remaining close to real conditions. Engine loading on an actual vehicle was performed in the 

laboratory room. The engine was loaded by connecting with the eddy current dynamometer (Tokyo 

Plant Corporation, model ED-150). As for the operating conditions, an engine speed was 1400 rpm 

(revolution per minute) with a load of 200N�m. A photograph of the indoor engine test bench room 

is shown in Figure 2, and a schematic of experimental setup is shown in Figure 3. Upstream to the 

DPF, a diesel oxidation catalyst (DOC, ACR Co. Ltd., with an ACR Excat device) was placed.  

     A particle counter (TSI Incorporated, EEPS Model 3090) was introduced in order to measure 

the PM number concentration in the exhaust gas after passing through the DPF. The particle counter 

used for this experiment was excellent in time resolution, suitable for measuring changes in PM 

number concentration from the initial PM filtration. Also, for reference data without DPF, the 

concentration of PM in the exhaust gas was measured under the pressure adjusted by an orifice 

flange7).  

 

3 Experimental results 

3.1 PM number concentration and filtration efficiency 

     Figure 4 illustrates changes in the PM particle number concentration downstream to the DPF 

as well as reference data without DPF. The ordinate expresses the PM particle number 

concentration, while the abscissa shows the measuring time. As for the time, 0 second corresponds 

to the starting point for measurement when the PM number concentration in the exhaust gas was the 

highest just after the accelerator was opened. According to this result, the PM number concentration 

in the exhaust gas without DPF was about 9 x107cm-3, whereas the value with a mounted DPF was 

reduced drastically. However, even with a mounted DPF, the level of 2 x 107cm-3 was detected right 

after the accelerator was opened. The particle number concentration decreased with time. As a result, 

after 5min, the PM number concentration was close to the detection limit of the particle counter, 

and therefore, the PM filtration efficiency was improved with time.  

     Figure 5 illustrates the filtration efficiency based on the data in Figure 4. The initial filtration 

efficiency was 70 %, but the filtration efficiency was elevated with time, and at last, it attained close 

to 100 % about 5 min later. In other words, although some soot leakage occurred in the initial 

filtration, it satisfies the emission regulations for the entire period of operation. On the other hand, 

the DPF needs the regeneration process that eliminates the accumulated PM by means of 

combustion. In that case, depending on the state of regeneration, there was a much higher 

possibility of returning to the initial filtering condition. Therefore, it is essential to reduce the initial 
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PM leakage. 

     Figure 6 shows the variation of particle size distribution downstream of the DPF. With a 

mounted DPF, all the PMs were able to be collected, and the particle number concentration at each 

size distribution became smaller with operation time. Based on this figure, the DPF can effectively 

capture all particles with size of a few nm to several hundred nm.  

 

3.2 Growth of soot layer and backpressure 

     It is well-known that the soot captured on the surface of the filter wall gradually accumulates, 

forming a thick soot layer. To confirm this behavior, a DPF with 8g�L-1 accumulated soot was 

prepared. The conditions are given in section 2.2. To observe the filter wall surface, SEM images 

were obtained by cutting the ceramic wall at the center of the DPF. The SEM images are shown in 

Figures 7 and 8. Figure 7 shows a picture of the soot layer on the filter wall at low magnification: 

(a) is non-soot loading DPF and (b) is 8g�L-1 soot loading DPF. Figure 8 contains some enlarged 

pictures of a filter wall of Figure 7 (b). According to these pictures, there was no soot inside the 

filter wall, but a thick layer of soot was formed only on the surface of the filter wall.     

     With the growing soot layer, flow resistance in the channel of exhaust gas becomes larger 

with larger pressure loss. The relation between amount of accumulated soot and filter backpressure 

(the pressure at upstream of DPF) is shown in Figure 9. The backpressure increased rapidly until 

0.5g�L-1 soot loading, and then it increased linearly with increased amount of accumulated soot. 

The fast elevation of backpressure in the early soot accumulation is caused by the blockage of 

spacing between ceramics grains and soot particles inside of the filter wall, corresponding to a deep 

filtration. After that, the process is shifted to a surface filtration, in which the high filtration 

efficiency is achieved due to the soot layer formed on the surface of the filter wall. In this case, as 

shown in Figures 8 and 9, the thick soot layer is formed3-5). In the stage of surface filtration, as the 

soot layer becomes thicker, the backpressure increases linearly. Therefore in Figure 9, after 1g�

L-1of the soot is deposited, the filtration process is regarded as the surface filtration.  

 

3.3 Observation of DPF wall surface    

     In the initial filtration, the soot leakage occurs due to the spacing between ceramics grains 

inside the filter wall. It has been reported that the filtration efficiency becomes high when thin soot 

layers are formed on the surface of the filter wall3-5). The PM (soot) adheres to ceramic grains, and 

more soot attaches to the adherent soot layer, so that the soot layer is thickened on the surface of the 

filter wall. In turn, this soot layer plays a role of a finer filter than the ceramic filter wall. Therefore, 

it is important to directly visualize the situation of soot accumulation in order to verify of the 
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filtration mechanism. However, it is impossible to observe the phenomena inside of the filter wall 

by experiments. Practically, it is not easy to visualize the filter wall surface with the PM filtration. 

     In order to verify the growth process of the soot layer, DPFs used for 30 s, 1 min, 2 min, 3 

min and 5 min of operating time under the conditions given in section 2.2 were prepared. The clean 

DPF without soot was also used as reference. After operation at a specified time, each DPF was cut 

at the center of the DPF for a SEM observation of the ceramic wall surface. Results are shown in 

Figure 10. In this picture, grey round grains (grain sizes around10�m) are SiC grains constituting 

the filter wall, the black parts between the sintered SiC particles are channels continuing into the 

back side of the filter wall, and the white fog-like substances shows soot adhering to the SiC 

particles. In the initial PM filtration, the soot accumulation layer was gradually formed on the 

surface of the filter wall, and resultantly, the pores connected deeply inside the filter wall were 

blocked with soot. In particular, at 2 min of operating time, the soot layer was formed so that the 

spacing between the ceramic grains was covered. According to Figure 5, the filtration efficiency at 

this stage was over 95%. At 5 min of operating time, the spacing between the ceramic grains 

completely covered, with almost 100% of the filtration efficiency.    

 

3.4 Measurement of surface roughness     

     The formation of soot layers was observed in section 3.3, but it was difficult to quantify the 

degree of soot layer growth. Therefore, the surface roughness (Ra) for each sample was measured. 

Generally, the surface roughness refers to the degree of solid surface irregularity. There are the 

centerline average roughness (Ra), maximum height above running surface level (Rmax), and ten 

point height of irregularities (Rz)8). In this paper, the centerline average roughness (Ra) was adopted. 

Assuming that a roughness curve of the filter wall surface is expressed as y = f (x), Ra can be 

expressed by the following formula: 

          Ra =  �
l

dxxf
l 0

)(1
                                   (1) 

where x is the mean height center line, y is the lengthwise direction, and l is the measured length of 

the sample. 

In order to evaluate the roughness of the filter wall surface (Ra), a laser microscope (Keyence 

Corporation, VK-9510 model) was used for three-dimensional imaging. In this case, a three 

dimensional surface profile of the sample was obtained by displacing the depth of focus by 0.1 �m 

(equivalent to the spatial resolution). The beam width of the laser light was about 0.67 �m. An 

example of a 3D image of the filter wall surface at 1min after the operation is shown in Figure 11. 

Using information on the height of the wall surface in conjunction with equation (1), the average 
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roughness was obtained. The average value was estimated based on seven images at different 

positions. The results are shown in Table 2. As the filtration time was longer, the value of the 

surface roughness was smaller. For all cases, the standard deviation (SD) of the surface roughness at 

each filtration time was adequately compared with the average value, and the dispersion of data was 

small.     

 

4 Discussions 

     Here, we discussed the formation of soot layers in the initial PM filtration process based on 

the value of the surface roughness (Ra). When Ra is a large number, the pore diameter formed by 

spacing between SiC grains is large, or the length of surface pore is continuous and deep. Figure 12 

is a schematic of surface roughness on DPF wall surface. The decrease in Ra due to the soot layer 

formation corresponds to the reduction of irregularity of the surface roughness, because the spacing 

between the SiC grains were covered with soot. Therefore, by using the surface roughness, we tried 

to quantify the degree of the soot layer formation on the initial PM filtration.  

     Figure 13 is a schematic of soot layer formation and surface roughness. As shown in Table 2, 

a value of the surface roughness decreased as the operation time passed in the filtration experiments. 

This could be because the accumulated soot decreased the roughness through the reduction of the 

irregularity of the filter wall surface.  

     Since we could express the degree of soot layer formation in terms of the surface roughness, 

Ra, we examined the relationship between the surface roughness and PM filtration efficiency. 

Figure 14 shows the relationship between the surface roughness and the filtration efficiency. When 

the filtration efficiency increased largely (around 1 to 2 min of operation time), the surface 

roughness conversely decreased. After that (3min and later), both the filtration efficiency and the 

surface roughness were almost constant, because the soot layer formed to cover the spacing 

between the ceramic grains. The reason why the value of the surface roughness, Ra, saturated to be 

about 7�m is explained by the surface condition of the soot particle layers. Apparently, the surface 

of the soot layer is not smooth homogeneously, but it grows with some level of irregularity, which is 

shown in Figure 8. Resultantly, the value of Ra decreases until the thin soot layer is formed on the 

filter wall surface. Afterwards, once the soot layer is formed, Ra becomes a constant, which is 

larger than the soot particle size.  

In the present experiments, it was confirmed that there is a strong correlation between the 

surface roughness and filtration efficiency. Also, the degree of soot layer formation on initial PM 

filtration can be evaluated by the surface roughness. The filtration mechanism known as “depth 

filtration”, “bridge formation”, and “surface filtration” would be captured by the proposed 
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parameter of the surface roughness.     

 

5 Conclusions 

     In this study, we measured the variation of the filtration efficiency and observed the soot layer 

formation process on the filter wall surface by SEM imaging to clarify the mechanism of the 

improvement of the filtration efficiency in the initial PM filtration. Also, the relationship between 

the filtration efficiency and the surface roughness was investigated in order to describe the degree 

of soot layer formation quantitatively. The following results were obtained. 

1) Initially, the filtration efficiency was 70 %, but it became higher as the operation time passed. 

After 5 minutes, it reached close to 100%. 

2) Due to the soot collected in the initial filtration, the spacing between the ceramic grains 

constituting the filter wall was covered gradually. Based on the observation of the cross section 

of the filter wall with soot loading (8g�L-1), there was no soot inside the filter wall. On this 

stage, a thick soot layer was formed on the surface of the wall. 

3) The soot layer formation decreased the surface roughness, with the better filtration efficiency. 

Thus, it was confirmed that there was a correlation between the filtration efficiency and the 

surface roughness. In terms of the surface roughness, it was possible to evaluate the degree of 

the soot layer formation. 
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Caption 

Fig.1  Schematic of wall-flow DPF. 

Fig.2  Test-bench setup. 

Fig.3  Experimental setup. 

Fig.4  Time variation of particle number concentration. 

Fig.5  Time variation of filtration efficiency. 

Fig.6  Particle size distribution downstream of DPF. 

Fig.7  SEM images of filter wall, (a) non-soot loading DPF, (b) 8g�L-1 soot loading DPF. 

Fig.8  SEM image of thick soot layer formation (8g�L-1 soot loading DPF). 

Fig.9  Backpressure during soot loading. 

Fig.10  SEM images of filter surface. 

Fig.11  Microscopic 3D image of filter surface (after 1 min driving). 

Fig.12  Schematic of surface roughness on DPF wall surface. 

Fig.13  Schematic of soot layer formation and surface roughness. 

Fig.14  Relationship between surface roughness and filtration efficiency. 

 

Table 1  Engine specifications   

Table 2  Surface roughness 
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Model NISSAN QD32
Engine type 4 stroke, swirl chamber type 

Cylinders inline-4
Valve mechanism OHV

Displacement 3.153L
Rated power 72kW @3600rpm 
Peak torque 216Nm @2000rpm 
EGR system none
Turbocharger none(NA)

 
Table 1 

 
 
 

Time (min) 0 0.5 1 2 3 5 

Ra (�m) 

12.6 
13.9 
13.2 
13.8 
13.7 
13.5 

12.4 
12.7 
13.0 
12.1 
13.3 
13.4 

10.3 
10.8 
10.8 
10.6 
11.3 
10.7 

8.9 
8.7 
8.9 
8.4 
8.5 
8.7 

7.2 
7.4 
7.1 
6.9 
7.3 
7.7 

6.7 
7.6 
6.8 
7.1 
7.6 
7.0 

AVE 
MAX 
MIN 

13.4 
13.9 
12.6 

12.9 
13.4 
12.1 

10.7 
11.3 
10.2 

8.6 
8.9 
8.3 

7.2 
7.7 
6.7 

7.1 
7.6 
6.7 

 
Table 2 

 
 
 


