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Abstract: A Diesel Particulate Filter (DPF) is a critical device for diesel engine exhaust products treatment. When using active-regeneration purification methods, on the one hand, a spatially irregular gas flow can produce relatively high local temperatures, potentially resulting in damage to the carrier; On the other hand, the internal temperature field can also undergo significant changes contributing to increase this risk. This study explores the gas flow uniformity in a DPF carrier and the related temperature behavior under drop-to-idle (DTI) condition by means of bench tests. It is shown that the considered silicon carbide carrier exhibits good flow uniformity, with a temperature deviation of no more than 2% with respect to the same radius measurement point at the outlet during the regeneration stage. In the DTI test, the temperature is relatively high within r/2 near the outlet end, where the maximum temperature peak occurs, and the maximum radial temperature gradient is located between r/2 and the edge. Both these quantities grow as the soot load increases, thereby making the risk of carrier burnout greater. Finally, it is shown that the soot load limit of the silicon carbide DPF can be extended to 11 g/L, which reduces the frequency of active regeneration by approximately 40% compared to a cordierite DPF.
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1  Introduction

Diesel engine exhaust contains various air pollutants, which pollute the air and threaten the health of residents [1], so it must be controlled. With the continuous upgrading of emission laws and regulations, the requirements for particulate matter (PM) emissions are more stringent. While reducing PM emissions, there are also requirements for particulate numbers (PN) [2]. It is far from meeting the emission requirements only by taking internal purification measures. Meanwhile, the diesel particulate filter (DPF) aftertreatment technology is recognized as the most effective and technically mature measure to control PM emission [3–5].

The DPF generally adopts a wall-flow design structure, the main part of which is a cylindrical honeycomb ceramic cartridge, forcing the exhaust gas through the porous wall by blocking either end of the adjacent channel of the filter layer, and achieving the capture of particles by diffusion, inertial collision and gravitational deposition of particles and the interception of the cartridge. When the exhaust flows through the DPF, the particulate matter is captured through the hole wall in the DPF to purify the exhaust [6]. Particulate matter will accumulate continuously, and then the increase of exhaust back pressure will cause DPF blockage, and the engine power performance and fuel economy will deteriorate. Therefore, the particles captured by DPF need to be removed regularly to regenerate DPF [7–8]. When regenerating DPF, its internal temperature needs to be controlled within the conditions that make the support and catalyst reliable and effective, to achieve safe and reliable regeneration [9]. However, in the actual application process, the DTI phenomenon may occur during regeneration. At this time, due to the reduction of exhaust flow, the heat released by DPF regeneration cannot be taken away in time, resulting in a sharp increase in internal temperature, which may lead to carrier burning and melting [10]. To ensure the safety of the DPF regeneration, it is particularly important to control its temperature.

The gas flow uniformity of DPF carriers affects engine dynamics and economy, and many scholars have conducted research in this area [11–13]. Yunji et al. [14] applied fluent software to investigate the effect of exhaust gas incoming flow parameters and component variations on flow uniformity. Han et al. [15] used CFD simulations to obtain the geometry of the cartridge with the lowest pressure drop and the highest flow uniformity. Nicholas et al. [16] studied the airflow in DPF using magnetic resonance (MR) imaging and used the MR results to quantify the uniformity of the airflow through the filter wall. The DPF works in harsh environments and requires high-temperature resistance of the material, and there has been no shortage of research on high temperature resistance and safe regeneration in the development of DPF technology. Hamid et al. [17] have developed a DPF consisting of nanomaterials that can withstand drastic temperature field changes under uncontrolled regeneration. Li et al. [18] found that during the regeneration of cordierite DPF, the highest internal combustion temperature and maximum temperature rise rate were higher than those of silicon carbide DPF, resulting in a greater risk of burning loss. Hao et al. [19] divided the DPF regeneration into three stages and controlled the DPF regeneration temperature by changing the fuel injection rate before the diesel oxidation catalyst (DOC). Huang et al. [20] obtained the safe regeneration temperature curve through tests and optimized the control of regeneration temperature by considering the influence of exhaust temperature and exhaust flow. Chen et al. [21] compared the filtration efficiency when DTI occurred under different soot loads and regeneration temperatures. Fox et al. [22] conducted tests with DPF of the exact specification used in the actual vehicle and found that the back pressure could not fully reflect the regeneration effect because the back pressure may be reduced, and the DPF may still retain a significant ash level. Lee et al. [23] found that improving the pore structure can improve the DPF regeneration rate and broaden the soot load limit. Ran et al. [24] conducted simulation analysis on DPF regeneration through numerical simulation and found that there was a local high temperature in the central area of porous media, and the thermal stress was relatively concentrated, which was prone to thermal damage. Tan et al. [25] studied the temperature characteristics of regeneration under DTI working conditions based on experiments, and established a model that can predict peak temperature and maximum temperature gradient based on experimental data.

The DPF regeneration process requires a DPF carrier material with a high-temperature resistance to ensure reliable regeneration of the DPF. In this study, a silicon carbide carrier was used to study the gas flow uniformity of the carrier during the active regeneration of the DPF. A DTI approach was adopted to study its tolerance to the drastic changes in the temperature field inside the DPF. The limit soot load of the silicon carbide carrier is also broadened, and the results can be used as a reference for the study of the safety of DPF regeneration.

2  Test Device and Method

2.1 Test Device

A 4-cylinder inline water-cooled diesel engine with a displacement of 2.3 L was used in this study. See Table 1 for specific engine parameters and Fig. 1 for the test bench layout.
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Figure 1: Layout of test bench

The test is controlled by the HORIBA engine measurement and control system. HORIBA DYNAS3 AC dynamometer is used to measure speed and torque, and the AVL735 fuel consumption meter is used to measure fuel consumption. HORIBA MEXA-1600 exhaust analyzer is used to analyze exhaust gas composition concentration. HORIBA DLS-2300 is used to measure PM, and MEXA-2300SPCS is used to measure PN for the study of particulate matter. The soot load of DPF was measured by METTLER TOLEDO KA32s precision balance. Some of the test equipment components are shown in Table 2.

[image: images]

As this paper focuses on PM and fuel consumption, the aftertreatment system is composed of DOC and DPF. See Table 3 for specific characteristic parameters. Temperature sensors are arranged at the inlet and outlet of DOC to monitor the temperature change in real time. Differential pressure sensors are placed at both ends of DPF to watch the evolution of exhaust back pressure in real time. The DPF gas flow uniformity test requires selecting 12 measuring points at a distance of 15 mm from the DPF outlet end and measuring the temperature data during regeneration using a K-type armored thermocouple. The selection of measuring points is shown in Fig. 2. To monitor the temperature field change in the DPF in real time in the DTI test, 15 measuring points were selected in the DPF, and the temperature was measured by K-type armored thermocouple. The distribution mode is shown in Fig. 3.
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Figure 2: Distribution of temperature measurement points for flow uniformity testing
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Figure 3: Distribution of DPF temperature field measurement points under DTI test

2.2 Test Method

This study requires soot accumulation tests at soot load levels of 4, 8, 9, 10, and 11 g/L. The test flow is shown in Fig. 4.
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Figure 4: Test flow

Before each weighing of the DPF, pre-treatment of the DPF is carried out by the requirements of HJ 451-2008 “Technical Requirements for Environmental Protection Products-Diesel Vehicle Aftertreatment Device”. After preheating, the DPF can be weighed. Using the first 600 s of the WHTC (Worldwide Harmonized Transient Cycle) test cycle for soot accumulation, the exhaust temperature is between 473.15 and 573.15 K for a long time, which can shorten the soot accumulation cycle. The gas flow uniformity of the carrier is demonstrated by the temperature uniformity at the outlet during regeneration. A soot accumulation test with a 4 g/L soot load is required first, followed by active regeneration of the DPF. The regeneration working point is 2000 r/min and 200 N•m, and the temperature change at the outlet during the regeneration process is recorded. In the DTI test, the active regeneration was triggered at 2000 r/min and 60 N•m working point, and the unreacted HC was generated through the post-injection in the cylinder into the DOC for oxidative exotherm, bringing the DOC outlet temperature to 873.15 K. Once it is found that the DOC outlet temperature reaches the target value, immediately adjust the working point to 800 r/min, 0 N•m and stop the post-injection. During the test, the DPF internal temperature field data shall be collected until the temperature at all measuring points starts to decline.

After each DTI test, remove the DPF and check for deformation or cracking. If there is no damage to the DPF, install the DPF for WHTC cycle emission testing, and further determine whether the DPF is intact based on the emission results. If the DPF is not damaged, soot cleaning should be done on the DPF at a working point of 2000 r/min and 200 N•m. Maintain this working point for 40 min to ensure that the accumulated particles in the DPF are burned clean. Afterward, weigh and conduct the DTI test for the next target soot load. Through the emission results, it was found that the DPF was not damaged during this study.

3  Test Results and Analysis

3.1 Analysis of Carrier Gas Flow Uniformity

Fig. 5 shows the temperature variation at the outlet during active regeneration at a soot load of 4 g/L. From the Fig. 5, it can be seen that after the active regeneration starts, the outlet temperature of the DPF begins to rise rapidly, and the maximum temperature at the Class A measuring point exceeds 973.15 K. During the regeneration period, the temperature remains between 873.15 and 973.15 K. At the same time, the maximum temperature deviations A-TDmax, B-TDmax, and C-TDmax between various measuring points are shown in the Fig. 5. As the DPF temperature increases, there will be peaks in the maximum temperature deviation between various measuring points, with C-TDmax being the largest. This is because C-type measuring points are the farthest from the axis and the farthest from each other, resulting in a large temperature deviation. After 800 s, the temperature has begun to stabilize. The maximum temperature deviation between measuring points of the same radius is: the temperature deviation between A1 and A4 in Class A measuring points is 0.64%, the temperature deviation between B1 and B3 in Class B measuring points is 0.59%, and the temperature deviation between C1 and C4 in Class C measuring points is 1.8%. Satisfying the criterion of maximum temperature deviation ≤2% proves good temperature uniformity. This indicates that the uniformity of gas flow inside the carrier is good, so during the soot accumulation test, the capture effect of particles at the same radius position is similar, and the captured particles will not exhibit uneven distribution along the circumferential direction. The experimental results also indicate that the gas flow is uniform during the regeneration process, resulting in good heat dissipation and no high local temperatures.
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Figure 5: DPF outlet temperature variation during active regeneration at 4 g/L soot load

3.2 Analysis of Temperature Field in DTI Process

Fig. 6 shows the carrier’s temperature variation during the DTI test under different soot loads. At the required working point of 2000 r/min and 60 N•m, the DPF temperature rose from less than 473.15 K to between 573.15 and 673.15 K, and then remained stable. After specific thermal management, the active regeneration started, and unburned HC flowed into DOC for oxidation and generated heat. The heat carried by exhaust gas increased the DPF temperature, reaching the ignition temperature of the soot, and the soot started to burn. Since the heat released by oxidation will be transferred downstream, the DPF temperature downstream will be higher than that of upstream. With the intensification of oxidation, rapid heat release will accelerate the temperature increase. The intense oxidation started at the central position.
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Figure 6: Temperature variation in the carrier during DTI under different soot loads

At A3 with 8 g/L, it can be seen that with the intensification of oxidation, the first temperature peak appeared. After the intense oxidation, if the exhaust flow rate remains constant, the temperature of DPF will generally decrease, as the heat carried away by the exhaust flow and other heat conduction will surpass the decreasing heat generation. However, at DTI condition, the engine speed will suddenly drop to idle state, drastically reducing the exhaust flow the heat generated by particulate oxidation cannot be taken away in time, and the heat from the upstream is taken to the downstream. Due to the uneven distribution of soot accumulation, more heat is generated from the area around the center of the DPF carrier or points B and C of Fig. 3. The temperature rose sharply, especially downstream, and the temperature peak of 1353.55 K appeared at C3. Subsequently, the temperature dropped. After heat conduction started the oxidation of the accumulated soot, the temperature toward the edge (points D and E) began to rise rapidly, reaching the peak and then decreasing. The thermocouple was damaged at measuring point E2 in the 8 g/L test and measuring point D1 in the 10 g/L test, which showed the possibility of uneven accumulation around the edge. Still, the temperature at the border was not high, which did not affect the analysis of the test results.

With the increase of soot load, the peak temperature showed an increasing trend, and all appeared at the position of C3. At 9, 10 and 11 g/L, the peak temperature reached 1383.35, 1411.65 and 1436.25 K, respectively. At 8 g/L, only the peak value of the C3 position exceeded 1273.15 K, while with the increase of soot load, A3, B3 and C3 positions all exceeded 1273.15 K at 11 g/L, and the temperature of the whole carrier increased. The temperature within r/2 was high, and the peak occurred near the outlet. The risk of carrier burning increased significantly as the soot load increased.

Fig. 7 shows the axial temperature gradient during the DTI test under different soot loads. Because the oxidation heat transferred inevitably downstream, the temperature downstream was observably higher than upstream, creating temperature gradients within DPF. The maximum axial temperature gradients at 8, 9, 10 and 11 g/L were 60.47, 58.99, 46.29 and 55.72 K/cm, which appeared at C3-C2, C3-C2, C2-C1 and E2-E1, respectively. The axial temperature gradients were generally acceptable, while the positions showed little regularity due to the uneven distribution. Besides, the gradient was barely affected by soot load at regeneration. And the phenomenon of carrier burning due to very uneven oxidation will not occur.
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Figure 7: Internal axial temperature gradient under different soot loads

Fig. 8 shows the radial temperature gradient during the DTI test under different soot loads. The maximum radial temperature gradients at 8, 9, 10 and 11 g/L are 170.05, 191.51, 203.57 and 221.83 K/cm, respectively, which all appeared at D3-C3. Due to the uneven distribution of soot in the DPF, the radial heat generation was more uneven than the axial, and the intense oxidation towards the center occurred earlier than towards the edge. After the temperature peak shown in Fig. 6, the heat carried away will surpass the decreasing heat generation. However, this temperature decrease occurred earlier towards the center than the edge. This results in the maximum temperature gradient occurred at the area toward the edge, between points C and D. Compared to the axial temperature gradient, the radial temperature gradient was much larger, and increased significantly as the soot load increased. The risk of DPF carrier damage needs to be paid more attention to.
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Figure 8: Internal radial temperature gradient under different soot loads

3.3 Analysis of Emission Results before and after DTI Test

In order to further determine whether the carrier is intact after the DTI test, WHTC emission tests has been conducted. The test results are shown in Table 4. The cycle emission results before soot accumulation are relatively higher than those after. The emission test results show that the carrier is not damaged in the four DTI tests. The analysis is that before the first test, the DPF was relatively clean, and the particles were easy to pass through, so the filtration effect was poor. With the accumulation of particles in the DPF, the pores become congested, and the trapping capacity improves.
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Chen et al. [21] only carried out DTI test under 8, 10 and 12 g/L soot load. The carrier of the 12 g/L soot load was burnt, but the carrier of the 8 and 10 g/L was not damaged. They did not consider the situation of the 11 g/L soot load. Through this study, it can be determined that the soot load limit of silicon carbide DPF can be expanded to about 11 g/L.

4  Discussion on the Advantages of Silicon Carbide DPF Compared to Cordierite DPF

There are two commonly used materials for DPF: cordierite and silicon carbide [26]. Silicon carbide has a higher cost than cordierite, but its performance has significant advantages compared to cordierite. Silicon carbide has better temperature resistance and can withstand higher temperatures than cordierite without causing structural damage. In the practical application of DPF, frequent regeneration is required. During the regeneration period, due to the oxidation and heat release of particles inside the DPF, the internal temperature of the DPF will rise, which may exceed the heat resistance limit of the material. This issue is particularly prominent in DTI experimental research. During active regeneration, a sudden drop in speed to idle will result in higher temperature peaks and more significant temperature gradients inside the DPF, and there will be an increasing trend as the soot load increases. When the soot load of cordierite DPF accumulates to around 5 g/L, regeneration is necessary. Otherwise, there is a risk of burning loss [27]. In contrast, the silicon carbide DPF used in this study was still intact at a soot load of 11 g/L when DTI occurred, which is more than twice that of cordierite DPF, showing that silicon carbide DPF has better safety properties.

This paper discusses the advantages of a silicon carbide DPF more specifically, considering the actual operating characteristics of the engine in this experiment. The test cycle program was simulated considering the actual working conditions of this engine, and the soot accumulation results of the DPF are shown in Fig. 9, which shows that the running time increases linearly with the soot load. If loaded with cordierite DPF, regeneration is required after approximately 18 h, while switching to silicon carbide DPF reduces active regeneration frequency to approximately 40%. The duration of active regeneration will not change significantly due to the increase in soot load, and the difference in fuel consumption required for a single active regeneration is not significant. The safety soot load limit of silicon carbide DPF is high, so in practical applications, silicon carbide DPF can accumulate more soot. Compared to cordierite DPF, it does not need to be regenerated so frequently. The required regeneration mileage is long, reducing the accumulated fuel consumption during regeneration and improving fuel economy.
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Figure 9: Engine running time required for different soot loads

5  Conclusions

1.    The silicon carbide carrier shows good gas flow uniformity with no more than 2% temperature deviation from the same radius measurement point at the outlet end during active regeneration of the DPF.

2.    A sharp drop in DPF active regeneration to idle speed results in that the temperature is relatively high within r/2 near the outlet end, where the maximum temperature peak occurs, and the maximum radial temperature gradient occurs from r/2 to the edge. And they both increase as the soot load increases, making the risk of carrier burnout greater. When DTI occurs at 11 g/L soot load, a peak temperature of 1436.25 K and a temperature gradient of 221.83 K/cm are reached, while the silicon carbide carrier remains intact and shows good resistance to high temperatures.

3.    Silicon carbide carriers show better tolerance than cordierite carriers to the dramatic temperature field changes under DTI conditions. The soot load limit of silicon carbide DPF can be extended to 11 g/L, more than twice that of cordierite. By increasing the soot load limit to 11 g/L, the active regeneration frequency of the silicon carbide DPF is reduced by approximately 40%.
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Table 1: Main technical parameters of diesel engine

Project

Specification

Engine type

Bore x Stroke/mm X mm
Swept volume/L
Compression ratio

Rated power/kW

Rated speed/(remin ")
Peak torque/(Nem)

Fuel system

Air intake mode
Emission standard

Emission purification system

4-cylinder in-line, water-cooled

89 x 92

2.289

17.1

96

3200

380

Electrically controlled high-voltage common rail
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Table 3: DOC and DPF specifications

Parameter DOC DPF

Material Cordierite Silicon carbide
Pore 400/in” 245/in”

Wall thickness 4 mil 10 mil
Diameter 190.5 mm 190.5 mm
Length 101.6 mm 127 mm
Volume 2.89 L 3.62 L
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Table 4: Emission results after DTI test under different soot loads

Soot load (g/L) WHTC (Cold) WHTC (Hot)
PM (g/kWh) PN (10')  PM (gkkWh) PN (10'%)
0.005 20.1 0.006 18.9

8 0.002 10.9 0.003 9.34
0.002 8.96 0.001 12.7

10 0.001 7.74 0.002 9.85

11 0.001 6.69 0.001 7.53
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Table 2: Some of the test equipment

Instruments

Models

Precision

Dynamometer

Emission analyzer

Particle analyzer

Electronic balance

HORIBA DYNAS3

HORIBA MEXA-1600
HORIBA DLS-2300
MEXA-2300SPCS
METTLER TOLEDO KA32s

SPEED: +0.2% FS
TORQUE: £0.5% FS
+0.5% FS

+0.5% FS

+0.5% FS

0.01 g
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