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Abstract: Diesel particulate filter (DPF) clogging and high temperature failures are predominant issues
affecting the reliability of diesel engines in the market applications. These failures, which include substrate
crack and melting, can lead to a significant increment of tailpipe particulate matter (PM) emissions, even
exceeding the acceptable limits. Such DPF events not only diminish the vehicle productivity but also escalate
the maintenance costs. The DPF, situated downstream in the diesel engine exhaust system, is directly
influenced by the health state of the upstream engine and diesel oxidation catalyst (DOC). Addressing the
risks of DPF system failures is a complex systems engineering challenge. This paper employs a fault tree
analysis (FTA) to identify the root causes of these failures, considering the DPF after-treatment functions, all
elements affecting system performance, and key interconnections among these elements. Then the DPF
reliability optimization strategies are discussed from a system optimization perspective, focusing on reducing
the engine-out PM, ensuring the appropriate substrate volume and precious metal coating content for DPF
clogging, improving the virtual DPF soot loading sensor accuracy, lowering the extremely uneven flow or
DPF soot loading and adopting the conservative regeneration control for high temperature failures. These
measures are crucial to mitigate the failure risks and ensure the reliable DPF operation. To achieve the tighter
PN requirement of future regulation, additional DPF optimizations would be required. Adopting the new
Cordierite material with a higher porosity, further smaller mean pore size and uniform pore size distribution
are one of current developing tendencies from existing studies. The Cordierite material with membrane
design would be a new developing direction for further improving of filtration efficiency and better hysteresis
of DPF pressure drop, plus lower porosity and thicker wall design would get better robustness and DPF
pressure drop.
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1. Introduction

Since 2020, to meet the increasingly stringent emission requirements of the PM mass and the particulate
number (PN), the wall flow DPF devices have been widely employed in China for on road heavy-duty Stage
VI and non-road Stage IV diesel engines in the market. Concurrently, to address NO, emissions, the
manufacturers generally adopt technology pathway that includes the electronically controlled high-pressure
common rail, the exhaust gas turbocharger, the high pressure exhaust gas re-circulation (EGR), DOC, DPF,
selective catalytic reduction (SCR) and ammonia slip catalyst (ASC). For non-road China stage IV engines in
the 56~130 kW range, the SCR and ASC are often not integrated due to relatively high tailpipe cycle NO,
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emission limit (3.3 g/kW-h) set by regulations.

A variety of typical failure modes have been seen during the market application of the DPF product,
such as DPF clogging, and DPF crack/melting caused by extremely high temperature [1,2].

The diagnostics for DPF clogging failure are mandated by both on road heavy-duty stage VI and non-
road stage IV regulations in China. And there are below requirements on road heavy-duty stage VI regulation
in China: (1) on-board diagnostic (OBD) of DPF low PM mass filtration efficiency; (2) real-road PN
emission supervision with the portable emissions measurement system (PEMS) for in-use vehicles [3,4].

DPF clogging failure can trigger the faulty codes, torque de-rate inducement, and even in-situ or service
regeneration requests [5], adversely affecting vehicle usage rates, productivity, and increasing the
maintenance costs for both end users and manufacturers. High temperatures failures of the DPF would render
the PM trapping efficiency ineffective, leading to a substantial increase in DPF outlet PM emissions.

Cai et al. [6] observed that PN emissions from DPF with high temperature failures can reach to ~10 times
of China on road heavy-duty stage VI regulation limit. These high temperature failures are irreversible, typically
requiring the displacement of the entire failed DPF substrate, and thus, the maintainable process is costly.

Solving the issues of the DPF clogging and high temperature failures is a critical challenge in the
process of product development and usage. Reducing the failure rate of vehicles in the market is the key to
improving the vehicles productivity and customer satisfaction. This paper employs a fault tree analysis to
identify the root causes of these failures, and focuses on countermeasures to address these issues. The
relevant papers that represent current status and progress of research in this area are leveraged to elaborate the
failure analysis and countermeasures.

Moreover, the more stringent PN emissions supervision (on 23 nm — 10 nm diameter particle) would
be required as one of challenges from future tighter emission regulations [7]. The relevant DPF design that
can fulfill the tight PN requirements will be discussed with the combination of this DPF reliability study.

This paper is also elaborated from system engineering perspective, which covers below contents in next
section: (1) the DPF after-treatment system function: PM filtration and soot regeneration; (2) all elements
affecting the DPF system performance: the engine, DOC, DPF, additional boundary influence factors for the
matched type of vehicle, as well as the diesel fuel and oil used by end users; (3) key interconnections among
these elements, especially for virtual DPF soot loading sensor.

The preceding papers that focused on all aspects of DPF failures analysis (using the principles of FTA and
system engineering), countermeasures are rarely found. The main review papers that related to DPF are firstly
checked. Typically, these papers only focus on the studies of DOC or DPF component level, but both the diesel
engine and DPF failures analysis are not covered from the perspective of system engineering of entire engine level.
Zhang et al. [8] introduced the DOC sulfur poisoning, and alleviating measures. Yang et al. [9] described the sulfur
position, as well as removal methods and design rationale for sulfur-resistant catalysts. They are not system studies
from entire engine level, because the upstream diesel engine is not involved. Zhang et al. [10] introduced the DPF
regeneration technologies, but the DPF failures are not covered. Luo et al. [11] presented the DPF regeneration
mechanism, but the DPF failures analysis is not involved. E et al. [12] described the soot formation and removal
mechanism by the introduction of work principle of engine and DPF, but DPF failures analysis is not covered.

2. Configuration and Work Principle of DPF after-Treatment System

The typical structure for DPF after-treatment system is shown in Figure 1 [13,14]. In order to improve
the capability of DPF regeneration, as well as to utilize in-cylinder late post fuel injection control strategy for
the DPF active regeneration, the common layout is to place the DOC in front of the DPF [15,16]. Meanwhile,
the DPF differential pressure sensor is employed to indirectly measure the DPF soot loading as part of virtual
DPF soot loading sensor, which is the most-widely used technology on diesel engines.

The process of DPF soot trapping and regeneration removal is shown in Figure 2. The engine generated
PM (most contents as soot) could be continuously accumulated in DPF substrate. When DPF temperature is
greater than or equal to a certain threshold, the soot regeneration can occur spontaneously, which is typically
named as passive regeneration. When electronic control unit (ECU) recognizes that the amount of DPF soot
loading is greater or equal to the calibration threshold or other counter conditions are met, it will trigger and
switch to active regeneration control strategy to accelerate the removal of deposited soot in DPF [17].
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Figure 1. Schematic chart of typical DPF system of diesel engine in the market [13,14].
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Figure 2. DPF soot trapping and regeneration process.

The ash captured by DPF substrate in the market comes mainly from engine combustion products, such
as sulfur, phosphorus, calcium, magnesium, zinc in the engine lubricant oil [18]. Ash continuously deposits in
DPF and DOC substrate over time, cannot be fully removed by DPF (active) regeneration, and affects the
pressure drop across DPF and virtual DPF soot loading sensor reading [19,20].

The main chemical reactions associated with DPF soot regeneration are shown in Table 1. With the
precious metal assistance of DOC (&DPF) coated, the NO that generated by engine combustion can be
partially converted into NO,. Typically, at about 300~350 °C temperature, there is a peak NO conversion ratio
ratio. And the oxidation reaction of NO, with soot occurs at a lower temperature than that of O, with soot, but
the former has a much lower soot oxidation removal rate than the latter. Generally, as the exhaust temperature
increase, or the amount of precious metal Pt coating increase, or the concentration of NO, and O, increase,
the soot oxidation rate will become higher [21-23]. For DPF active regeneration, the controlled target DOC
out temperature is 550~600 °C, and even more (typically < 650 °C) to achieve fast soot removal [24].

Table 1. Main chemical reactions related to soot regeneration [21-23,25].

Chemical Reactions Terr'lperatureo Determinants of Reaction Rate
Requirements/°C
2NO + O, — 2NO, 200~500 temperature, the amount of precious metal coating
C +2NO, — CO, + 2NO =200 temperature, NO, concentration
C+0,CO, =460 temperature, O, concentration,

CDPF (catalyzed DPF) or bare DPF

The above minimum reaction temperature are not fixed values, which are correlated with the amount of
the precious metal coating, and concentration of reactors, such as O,. The temperature values in the Table 1
are reference values from literature [22,23].

3. Selection of Analysis Approach of Root Cause

The common failure analysis methodologies are as follows: (1) fault tree analysis (FTA); (2) fishbone
diagram analysis; (3) 5 whys analysis.
The fault tree analysis (FTA) methodology is a top-down deductive approach to identify the root causes
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of failures. FTA methodology focuses on the structural breakdown and logical organization of the problem,
which is suitable for failure problems analyses of complex system. It is usually used to break down a complex
problem into multiple sub-problems to facilitate in-depth, layer-by-layer analysis.

Fishbone diagram analysis methodology is to identify the root causes of failures through the analysis of
man, machine, material, method and environment factors. The method would ask a number of participants to
take part in a group discussion to brainstorm on all the possible causes of the problem. This method is often
used in the area of automotive manufacturing.

5-whys analysis methodology is to trace the root cause of the problem by asking the question “why” on
an ongoing basis.

A comparison of these methodologies of failure analysis is summarized in Table 2.

The DPF clogging and high temperature failures are a complex system engineering problem, which
involves the engine, DOC, DPF, additional boundary influence factors for the matched type of vehicle, as
well as the diesel fuel and oil used by end users. DPF failures can result in PN and PM mass emission
exceeding the acceptable limits, which need be reduced to relatively low levels. The FTA analysis method
reduces the risk of missing any key individual root causes. Accordingly, FTA approach is a better choice to
employ for the DPF failures analysis.

Table 2. Comparison of failure analysis methodologies.

Pros Cons Scope of Application

Good visualization; Suitable for failure problems of

FTA can jachleve mutua!ly Require professwngl knowledge and complex system, such as the field of
exclusive and collectively techniques
. . aerospace
exhaustive analysis;
. . Insufficiently precise, and . .
Fishbone Intuitive and easy-to- . . R Suitable for quality management
. influenced by participants .
Diagram understand . and various other problem analyses
experience and knowledge
. Require the questioner to have high Suitable for situations where a
Simple methodology and easy L. . . .
5-whys . questioning skills and logical problem needs to be pinpointed
to implement LS - .
thinking ability quickly

4. Root Cause Analysis of DPF Clogging

The typical DPF substrate materials are Cordierite (Cd) and Silicone Carbide (SiC) for on road heavy-
duty and non-road engines, both are ceramic wall-flow filters. And SiC material DPFs are often used on small
displacement engines. The safety soot mass/loading limit (SML) is typically limited to 5~6 g/L or less for Cd
DPF; the SML is typically around 6~10 g/L for SiC DPF [26-28].

The virtual DPF soot loading sensor readings are often used as one of inputs to trigger DPF clogging
faulty code by ECU when soot loading readings are greater than a calibration threshold.

It could be divided into 4 scenarios for both actual DPF soot loading and virtual DPF soot loading
sensor reading relationship as below Table 3. For scenario #1 and #2, both would be able to trigger DPF
clogging faulty code by ECU. But the scenario #2 indicates a false trip of DPF clogging fault code, which

isn’t a preferred state.
Table 3. High DPF soot loading scenarios.

=
< T2 #2: High virtual DPF soot loading reading . .

= =t = .
§_ g E= (1%1 (actual DPF soot loading is overestimated) irl3 18N D11 e [omehinyy
S =
22
2 v = & #3: High actual DPF soot loading
= a % i (actual DPF soot loading is

= underestimated)

Low High

Actual DPF Soot Loading
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For the scenario #3, there is a high actual DPF soot loading, but virtual DPF soot loading sensor reading
is low, which indicates that DPF soot loading is underestimated by virtual sensor. Although there is no DPF
clogging faulty code trip, this would result in uncontrolled DPF regeneration and irreversible high DPF
temperature failures. Accordingly, the detailed root cause analysis on poor accuracy of virtual DPF soot
loading sensor will be covered in next Section 5 for root cause analysis of high temperature failures.

For an extremely large amount of accumulated ash (than expected) in DPF or a sudden collapse of soot
layer on CDPF inlet channels, this may result in the virtual DPF soot loading sensor reading from the DPF
differential pressure sensor being much higher than actual DPF soot loading [29,30], thereby increasing the
false trip risk of DPF clogging fault code to make scenario #2 happen. This types scenario #2 are not the
focus of this paper, and will not be covered subsequently.

Accordingly, the next discussion in this Section 4 will focus on root cause analysis of extremely high
actual DPF soot loading.

4.1. Engine Generated PM Rate >> Consumption Rate of DPF Passive Regeneration

Under non-active regeneration working mode, when the engine generated PM rate is far greater than the
consumption rate of DPF passive regeneration, the DPF soot loading would increase fast. This in return
results in extremely high DPF soot loading risk, especially when DPF active regeneration is not timely
triggered, or not correctly functioned.

Reducing the calibration setting of active regeneration interval could reduce the extremely high DPF
soot loading risks, but could not fully solve this issue. The active regeneration interval is defined by time
(hrs) between two times active regeneration, which is calibrated in ECU software [5]. Typically, in order to
reduce DPF clogging risk in the market, the active regeneration interval would be appropriately adjusted with
the full considerations of the types of vehicles application.

4.1.1. Vehicle Driving Duty Cycle Impacts

For a given DPF after-treatment system design, there are several specific soot loading balance
(equilibrium) curves, which consist of the trade-off relationship between NO,/soot ratio and minimum
required DPF substrate temperature, as illustrated in Figure 3. The soot loading balance curve is correlated
with the DPF soot loading, as the DPF soot loading increases, the soot loading balance curve moves
downward. DPF soot loading does not change when engines operate on the soot loading balance curve [31].
This means that the soot rate generated by the engine is equal to the consumption rate of the DPF passive
regeneration.
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Figure 3. An example of CDPF soot loading balance curve, Reprinted/adapted with permission from [31]. Copyright
© 2019, Automotive Engineering.

For a given engine, at each operating point of the engine fuel loop, the engine out emissions and exhaust
temperature vary significantly. In general, the engine exhaust temperature decreases as engine load decreases.
Meanwhile, in the absence of external loading from vehicle, the engine exhaust temperature generally
decreases as the engine speed decreases. Therefore, the capability of DPF passive regeneration is relatively
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poor when engine work at low engine loads, such as low idle point.

When engine operates in the above range of soot loading balance curve for most working time, the DPF
soot loading would decrease, the engine would be capable to achieve the NO,-assisted continuous
regeneration technology (CRT). Otherwise, the DPF soot loading would increase, and the active regeneration
function would be required, even result in much shorter DPF active regeneration interval and extremely high
DPF soot loading risk in some extreme circumstances.

For a given type of vehicle in the market, the total engine out NO,, PM emissions and average exhaust gas
temperature are determined by (1) the typical vehicle driving duty cycle, (2) the engine out emissions and exhaust
temperature at each engine operating point. The vehicle driving duty cycles could be converted into engine speed,
engine loading, and time weighting factors. The engine operating point is defined by engine speed and loading.
The typical vehicle driving cycle is defined to represent the majority of end users’ driving habits. Between typical
driving duty cycles of each types of vehicle, there is a noticeable diversity of average temperatures, for example,
excavator with ~360 °C versus wheel loader with ~240 °C from a study [32]. This would lead to a noticeable
diversity on DPF passive regeneration capability and soot loading balance point (g/L) between each types of vehicle.

Accordingly, for a given engine (including DPF after-treatment system) design and control, the
following scenarios would increase the risk of extremely high DPF soot loading: (1) the typical vehicle
driving duty cycle is incorrectly identified; (2) DPF clogging risk level is not sufficiently verified for each
vehicle driving duty cycle.

4.1.2. Too high Engine Generated PM Rate

For a given type of vehicle, the typical vehicle driving duty cycle is determined. The engine out NO,,
PM emissions and exhaust temperature are critical boundary condition inputs, which are key contribution
factors to determine the risk level of high DPF soot loading in the market application.

At steady state engine operating points, the minimum NO,/PM ratio development goal setting would be
determined by both DOC/DPF hardware design and active regeneration interval target.

Because of well-known trade-off relationship between engine out NO, and PM emissions, engines with
lower engine out NO, emissions target setting are more likely to have low NO,/PM ratios.

4.1.2.1. Key Components that Determine Engine Generated PM Rate

In order to meet the development objective of minimum NO,/PM ratio, it’s critical to optimize both key
emission components design and combustion relevant calibration settings in ECU.

Typically, the key emission components refer to combustion system, fuel system and intake air system
as illustrated in Figure 4.

— Compression ratio

— Combustion system [ Piston bowl size

— Injector nozzle

Intake port of
cylinder head

M Intake air system [ Turbocharger

Key components

— EGR system

Maximmum
injection pressure

— Fuel system —

Figure 4. Key emission components.
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The combustion relevant calibrations refer to intake manifold pressure, EGR ratio, fuel injection
pressure, injection timing at each engine operating points.

4.1.2.2. Engine Generated PM Rate Higher than Normal

For the diesel engines operating under extreme conditions, the typical root causes of high engine out PM
are shown in Figure 5.

Poor accuracy of MAF

sensor
Extremely poor production|
consistency
Intake port size of cylinder

head

Extremely poor PM
emission deterioration

Multiple consecutive cold
Extremely abnormal P

— . . — starts at extremely low
working circumstances )
ambient temperature

Air leakage near

turbacharger inter-cooler
— Malfunctions
Qil leakage from

turbocharger compressor

| High engine out PM |
[

Figure 5. Root causes analysis of high engine out PM.

The main root causes can be divided as below categories: (1) the extremely poor production consistency
of key emission components, and the mentioned component is much sensitive to engine out NO,/PM
emissions, such as the poor accuracy of the fresh mass air flow (MAF) sensor [33], excessive deviation of the
swirl ratio of cylinder head intake port [34]; (2) the extremely poor PM emission deterioration over vehicle
lifetime; (3) extremely abnormal working circumstances, for example, extremely abnormal high density
diesel fuel [35], insufficient oxygen concentration in the atmosphere, multiple consecutive cold starts at
extremely low ambient temperature; (4) malfunctions that result in low air fuel ratio, such as the low boost
pressure caused by air leakage near turbocharger inter-cooler, a large amount of oil abnormally entering the
cylinder during a short period of time, or injector hole clogging due to abnormal contamination from low
pressure fuel system.

The increment of intake air O, content and adding oxygenated fuel blended in diesel could reduce the
engine out PM emission [36-38]. Conversely, insufficient oxygen concentration in the atmosphere could
result in the engine generated PM higher than normal.

Any products would have production variability and durability deterioration, but both require to control
in a reasonable range. The sufficient engineering margin would be required to cover the normal product
variability and deterioration.

The anomalies examples shown in Figure 5, all can result in the high engine out PM. When these
problems happen, the ECU often fails to timely and accurately recognize the high engine out PM, since there
is usually no corresponding sensor that can sense above event is occurring, or the recognition process is slow
(e.g., low boost pressure failure).

4.1.3. Poor DPF Passive Regeneration Capability
4.1.3.1. Key Designs that Determine DPF Passive Regeneration Capability

As described in Section 4.1.1, for a given DPF after-treatment system design, there are several specific
soot loading balance (equilibrium) curves.

The key design that determine DPF passive regeneration capability are as follows: (1) exhaust flow
velocity uniformity; (2) precious metal coating; (3) substrate volume. These design optimizations would
impact the soot loading balance curves location.

The flow velocity uniformity in front of the DOC and DPF is important for DPF passive regeneration
capability, which can be improved by optimizing the design of the upstream pipe (such as diameter, inlet cone
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angle). The improved flow velocity uniformity can increase NO conversion efficiency and make DPF soot
distribution more even, and thus, improve the total DPF passive regeneration efficiency [39-41].

The amount of precious metal Pt coating (g/L), as well as the DOC substrate volume (L), are ones of the
determinants of DOC outlet NO, concentration [21,42]. To achieve the desired DPF passive regeneration
capacity, it is required for enough precious metals coating and sufficient DOC volume.

The DPF space velocity increases as DPF volume decreases. The much smaller DPF substrate design
will result in insufficient reaction time of NO, or O, with soot, this in turn gets weak passive regeneration
capability. In particular, for CDPF, with identical precious metal coating content (g/L), increasing the carrier
CDPF volume can assist in generating more NO, to improve the passive regeneration capability.

4.1.3.2. DPF Passive Regeneration Capability Deterioration

For DPF after-treatment system used in the market, the typical root causes of passive regeneration
capability deterioration are shown in Figure 6. For the catalyst thermal deactivation, the DOC poisoning and
the DOC deposit, all may deteriorate the capability of DPF passive regeneration.

During DPF active regeneration, the controlled target DOC out temperature is 550~650 °C [24]. The
temperature inside substrate of DOC and DPF would be much higher. Over the long life cycle of the engine,
many DPF active regeneration activities are triggered, deteriorating the Platinum (Pt) catalytic properties as
the working time accumulates at high temperatures [43,44]. It may improve the high temperature resistance
characteristics through adding a small amount of Palladium (Pd), but it cannot completely solve the problem
of catalyst high temperature deactivation (or the thermal sintering) [45]. Catalyst deactivation is permanent,
the activity of a high temperature sintered catalyst cannot be restored [46]. Accordingly, the sufficient
engineering margins are required to reserve to cover catalyst thermal deactivation impacts.

However, Pd reacts more readily with sulfides from diesel fuel or oil, which can deteriorate the catalytic
properties of the precious metal. Sulfur poisoning is typically reversible, at least in part, through DPF active
regeneration or other thermal management approaches [42,45].

Thermal sintering of

precious metal coating
Sulfur, phosphorus
o é* poisoning, etc
E Sl DOC poisoning
v @
® o
_2— i Other (including Si, etc)
© c
v o
=9
HC
'— Excessive DOC deposit
PM

Figure 6. Causes analysis of weak DPF regeneration capability.

As lube oil additives, the phosphorus is another major typical sources of catalyst poisons in diesel
exhaust [47-49]. The silicon from special working environment or fuel is another uncommon source of
catalyst poisons in diesel exhaust gas [46]. The phosphorus and silicon poisoning are almost not able to
restore at high temperature (even at 700 °C) [20].

Prohibiting the use of unacceptable diesel fuel and oil is a common way to avoid the occurrence of
severe sulfur, phosphorus, and silicon poisoning problems. The allowable fuel and oil are regulated in
manufacturer’s instruction manual.

Excessive DOC deposit refer to HC and PM, which can cover the surface of DOC wall [50]. It can reduce
precious metal catalyst performance by blocking active sites, and thus reduce DPF passive regeneration rate.

The HC is another key main engine out harmful emissions. When engine exhaust temperature is greater
than the DOC light off temperature, the HC can be oxidized and removed by catalysis of precious metal. The
DOC light off temperature is correlated with the amount of precious metal (catalyst) coating, etc., usually >
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200 °C [43,45,51,52]. Especially when the engine operated under low-load conditions for a long period of
time, due to the low exhaust temperature (<200 °C), HC and PM are accumulated on DOC to form the “front
clogging” and “wall clogging”, even form serious face plugging [50,53].

4.2. Unsuccessful DPF Active Regeneration

DPF active regeneration could be activated by (1) virtual DPF soot loading; (2) DPF deltaP reading; (3)
the total time since last active regeneration, (4) the total distance since last active regeneration, (5) fuel
consumption based [5]. In some circumstances, DPF active regeneration would not be triggered timely, which
is one of root cause to drive extremely high DPF soot loading risks.

DPF active regeneration strategy consists of thermal management and/or in-cylinder post hydrocarbon
(fuel) injection [17,43,54]. The typical reasons for unsuccessful active regeneration are shown in Figure 7.

| Thermal management
mode failed

Regeneration is allowed [—

— DOC function failed

__|Temporarily inhibited by
software

Regeneration is
inhibited

Unsuccessful active
regeneration

Active regen prohibited
button is pressed down

Figure 7. Typical causes of unsuccessful active regeneration.

When the DPF active regeneration strategy is activated, the thermal management mode is firstly
functioned to increase the DOC inlet temperature to meet the late post fuel injection precondition in engine
cylinder (approximately 300 °C) [17].

The typical root causes that result in thermal management failed are as follows: (1) when the engine
runs in specific low speed and low loading zone (such as low idle) for a long period of time, the engine
capability is insufficient to raise to the demand temperature by thermal management strategy; (2) the engine
hardware failures result in thermal management function failed, such as the mechanical or electronic failures
of engine intake throttle valve or exhaust back pressure valve. In the absence of engine component failure,
increasing the low idle speed setting is a common practice to improve the effectiveness of thermal
management function, especially for DPF in-situ regeneration mode [5].

When the thermal management function meets the requirements, if the DOC conversion efficiency is too
low (due to poisoning or DOC face plugging), then the DOC cannot provide the required DPF inlet
temperature of DPF active regeneration (=550 °C, in this case, the low DOC conversion ratio faulty would be
triggered). Meanwhile if the engine out PM is too higher at the thermal management mode, this would result
in the consistent growth of DPF soot loading and trigger fault code of high soot loading.

When DPF regeneration function is inhibited, it also results in unsuccessful active regeneration, and
makes DPF soot loading exceeding the limits.

If end users do not perform active regeneration timely that required by the instruction manual, such as
the switch of high speed driving condition or in-situ regeneration, the high DPF soot loading and high
temperature failure would be exacerbated. Of course, the development objectives of great product would
reduce the customer usage limitations.

Based on the above discussion, it is found that there is a system time delay between the activation of
active regeneration and the successive DPF active regeneration, which is thermal management time slots.
Therefore, in order to reduce the risk of DPF failures, when active regeneration is activated during vehicle
operation processes, in most cases, actual DPF soot loading need be much smaller than SML, otherwise the
risks of DPF clogging failures would increase.
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5. Root Cause Analysis of High Temperature Failures

The high temperature failures refer to both DPF substrate melting and crack, which are typical failure
modes of ceramic wall-flow filters. The melting is caused by high maximum temperature. The crack is
mainly caused by higher thermal stress [26]. DPF substrate manufacturing and Canning can also result in the
DPF crack failures, but this is not the scope of this paper.

Durability against thermal stress is the most important factor for DPF reliability [55]. When the thermal
stress exceeds the DPF substrate material strength, then crack will occur in general. The substrate thermal
strength is determined by material selection, design, and Canning, even manufacturing variation, and would
be deteriorated by fatigue over accumulated active regeneration time [55].

It’s well-known that thermal stress in DPF is proportional to the temperature gradient. Typically, the
maximum temperature gradient is proportional to the maximum DPF temperature [56]. The maximum
temperatures that cause melting are higher than the ones that result in crack for both Cd and SiC material
DPF; when DPF internal maximum temperature reach to ~1000 °C [1,23,57], DPF crack failure would occur,
then DPF melting would occur with ~1400 °C maximum temperature [21].

The uncontrolled DPF regeneration can easily damage DPF with too fast soot oxidization rate bringing
excessive high temperature, which is typical root cause of high temperature failures [57]. The uncontrolled
DPF regeneration can refer to active regeneration that activated by ECU and unintentional soot regeneration
that caused by extremely high DOC out temperature due to engine malfunction or inappropriate ECU control.

The Drop to idle (DTI) is the most critical engine operating points transition process, which exacerbates
the risk of uncontrolled regeneration due to low exhaust gas mass flows and high oxygen content of the
exhaust gas [57,58].

The key root causes of uncontrolled regeneration are illustrated in Figure 8.

Extremely high total
DPF soot loading

DPF soot loading based
on pressure drop

| | Underestimated DPF
soot loading

Model based virtual DPF
s00t loading sensor

Poor flow velocity
uniformity

Uneven DPF soot Incomplete
loading or flow regeneration

— Ash impact

Uncontrolled
regeneration
I

Inappropriate control
target setting

Extremely high DOC
out temperature

Temperature
overshoot by control

Inappropriate active
regen control

| | Excessive HC slip into
DPF

Oil leakage into
intake air system

Figure 8. Typical root causes of uncontrolled regeneration.
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High total DPF soot loading or uneven local high DPF soot loading are typical root causes of
uncontrolled regeneration [57]. And poor accuracy of virtual soot loading sensor can exacerbate the risk of
high temperature failures.

Apart from high DPF soot loading, the additional secondary contribution factors of uncontrolled
regeneration are as follows: (1) the extremely high DOC out temperature control target setting, for both high
temperature ramp up rate at the start of active regeneration and the subsequent flat temperature control target
setting; (2) DOC out temperature overshoot against control target due to worse performance of DOC out
temperature close loop controller or too much HC accumulated on DOC substrate; (3) excessive HC slip into
DPF, etc. [1,57,59,60]. For example, in order to reduce excessive HC slip risk post DOC during active
regeneration, the DOC in temperature thresholds of in-cylinder late post start injection are conservatively set
through considering extreme work conditions (that mentioned in Section 4.1.3); and the in-cylinder late post
injection will be cut off in case of long idle phases (or low DOC in temperature condition) above 150 s [5].
These are not focus of this paper, the sufficient acceptable performance of above 3 items are assumed for
subsequent discussion.

5.1. Extremely High DPF Soot Loading

It’s well known that the maximum DPF temperature would increase as DPF soot loading increases [61].
The detailed root cause analysis on high DPF soot loading was already summarized in Sections 4.1 and 4.2.

5.2. Poor Accuracy of Virtual Soot Loading Sensor

The virtual DPF soot loading sensor is a critical security to prevent high temperature failures under high
actual DPF soot loading conditions.

When high DPF soot loading could be recognized timely, ECU could take a mitigation strategy to
reduce the risk of high temperature failure, such as reducing the control target of DOC out temperature [59].

The following is an introduction to the virtual DPF soot loading sensor, specifically why the DPF soot
loading may be underestimated.

5.2.1. Virtual Sensor Based on Pressure Drop

The contribution factors of virtual DPF soot loading reading error are firstly summarized as below: (1)
relevant sensors tolerance accumulation; (2) DPF pressure too low or pressure slope too shallow over DPF
soot loading change; (3) hysteresis effect of DPF pressure drop by incomplete active regeneration; (4)
hysteresis effect of DPF pressure drop by NO, assisted passive regeneration impact; (5) ash accumulation
impact; (6) engine malfunction, for example, intake air leakage, and the engine don’t configure sensors to
identify the failure timely.

For a given DPF after-treatment system, the DPF soot loading could be calculated based on relationship
between exhaust volume flow rate and DPF differential pressure, as illustrated in Figure 9 [62].

30
—-200/m3/h
T ——300 m3/h
=20 | ——400m3/h
= -8-500m3/h
2 —e—600/m3/h
i =
a O
4
0
0 10 20 30 40

Soot load(g)

Figure 9. Pressure drop, volumetric flow and DPF soot loading relationship. Reprinted with permission from [62],
Copyright © 2018, IFAC (International Federation of Automatic Control).
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The accuracy of exhaust mass flow related sensors (such as MAF sensor), DPF differential pressure
sensor, DPF temperature sensor will directly affect the calculation accuracy of the virtual DPF soot loading
sensor [25,62].

The sensitive relationship between DPF differential pressure and actual DPF soot loading is critical to
make this virtual DPF soot loading sensor accuracy acceptable. When DPF differential pressure reading is
extremely low, or change rate is too small over soot loading varying, the virtual DPF soot loading sensor
accuracy will be worsen [25,54]. The DPF substrate or Canning production variability factors would make
the virtual DPF soot loading sensor into more severe condition. In general, below DPF design scenarios
would get lower DPF pressure or shallow pressure slope: (1) Cordierite DPF pressure < SiC DPF pressure;
(2) low DPF wall thickness; (3) high DPF volume; (4) low substrate length and diameter ratio (L/D); (5) high
porosity; (6) asymmetric cell technology (with higher ash capacity) [21,25,63].

The hysteresis effect of DPF differential pressure measurement will deteriorate the accuracy of DPF
soot loading estimation. Iwasaki et al. [61] carried out a test on low porosity (%) DPF in order to compare the
complete and incomplete regeneration impacts. The test results show that the actual DPF soot loading vary
considerably with the identical DPF differential pressure sensor reading, which is known as DPF pressure
drop hysteresis effect. The hysteresis effect of DPF pressure drop is caused by the soot distribution location
diversity inner DPF substrate between wall pores and DPF channels.

Using optical visualization tool, the study by Choi et al. [64] showed that the NO, assisted passive
regeneration would preferentially oxidize the soot inner DPF porous wall. Theoretically, it would degrade the
accuracy of DPF soot loading estimation, especially for high DPF temperature conditions (such as 400 °C),
this is proved by many studies [65,66]. Ran et al. [62] conducted the DPF soot loading estimation accuracy
check for both highway driving cycle (with passive regeneration) and city driving cycle, the data
demonstrates that the accuracy of the DPF soot loading estimation become worse for high driving cycle, and
the DPF soot loading is underestimated during high driving cycle.

In addition, ash can also lead to inaccurate DPF soot loading calculation value based on DPF differential
pressure input. Dimou et al. [67] carried out a test on non-catalyzed and 50% porosity DPF. The correlation
relationship between DPF soot loading and DPF pressure drop is measured against several ash accumulated
levels, the results demonstrate that the actual DPF soot loading values vary noticeably with identical DPF
pressure drop. Comparing the data at the 5 g/L and the 0 g/L ash accumulation, under the identical DPF
pressure drop condition, the DPF soot loading (for soot loads in excess of 2 g/L area) at 5 g/L ash
accumulation is ~2 g/L underestimated than that at 0 g/L ash.

In some extreme circumstances (engine malfunction), when fresh air mass flow recognized by ECU is
overestimated or when there is an exhaust gas leakage near DPF inlet, it will result in an underestimation of
DPF soot loading identified by ECU. For engine installed a MAF sensor, when there is air leakage near
turbocharger air inter-cooler, this is one of example on overestimated fresh air mass flow.

5.2.2. Model Based Virtual DPF Soot Loading Sensor

When engine exhaust flow is very small, the DPF soot loading calculation approach based on DPF
pressure drop is not credible [25], a model-based approach to estimating DPF soot loading is required from
ECU.

From ECU algorithm, the model based virtual DPF soot loading is calculated as below similar
Equation (1):

mnet = Zm in— Zmoxidatian (1 )

where m,,, is the soot loading in DPF, m,, is the engine out soot rate, m
NO, and O, in DPF [54,68].

The accuracy of the DPF soot loading model would be correlated with the matched vehicle driving duty
cycle [63].

As described in Section 4.1.2.2, below scenarios would make the engine generated PM rate higher than
normal, such as extremely poor production consistency of key emission components, extremely poor PM
emission deterioration, extremely abnormal working circumstances, engine malfunctions. Typically, this
model based virtual DPF soot loading sensor could not reflect the real DPF soot loading when above

is the soot oxidation rate by the

oxidation
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scenarios happen.

And in many of the extreme scenarios mentioned in Section 4.1.3.2, the anomalies are often not
recognized because the corresponding sensors are often not integrated, such as NO, concentration sensor post
DOC, oxygen sensor before DOC, etc. And thus, the DPF soot loading maybe underestimated in such
scenarios.

If all anomalies that mentioned in Sections 4.1.2.2 and 4.1.3.2 can be mitigated with system
optimization, the model based virtual DPF soot loading sensor accuracy would be much reliable, even better
than virtual DPF soot loading based on pressure drop.

5.3. Uneven DPF Soot Loading or Flow

The uneven soot loading distribution or exhaust flow in DPF is one of main root causes for uncontrolled
regeneration to damage DPF [57].

The key contribution factors are as follows: (1) poor flow velocity uniformity; (2) incomplete DPF
active regeneration; (3) ash impact.

The poor flow velocity uniformity can result in the excessively high local DPF soot loading. The
improving of flow velocity uniformity can make the soot distribution more even in DPF substrate [57]. DOC/
DPF substrate face plugging would also drive the poor flow velocity uniformity risk. The root causes of poor
flow velocity uniformity and face plugging were already covered in Section 4.1.3.

When active regeneration is incomplete, this would have risk to make local DPF soot loading uneven
for next cycle DPF soot accumulation process.

And the local soot distribution in DPF has a strong correlation with the engine operating conditions or
vehicle driving duty cycles [69]. The NO, assisted passive regeneration would be one of contribution factors,
especially for CDPF.

The two boundary ash deposition patterns in DPF are as follows: (1) wall layer and (2) filling at the
back end of the inlet channels. In literature mainly two substantially different deposition patterns are
described. In one ideal pattern the ash builds a homogeneous layer, covering the DPF wall of the inlet
channel. In the other ideal pattern the ash fills the inlet channels from the back of the filter [29].

Many contribution factors influence the observed ash deposition patterns over time on vehicles in the market,
such as velocity, regeneration interval, regeneration type, regeneration severity, etc. [29,70]. The uneven ash
distribution refer to two aspects: (1) from DPF inlet to outlet, (2) from DPF substrate center line to skin.

Typically, the ash firstly accumulates along the DPF wall channel, then uniformly packs close to the rear
end of the DPF (real end filling) for field vehicles. As the ash accumulate to rear end of DPF, the effective
volume that accumulate soot will decrease, and uneven soot/ash distribution have risk to occur [71].

The actual ash deposition patterns over time would be better to check from uncontrolled regeneration
risk assessment considerations for any new being developed type of vehicle.

Some studies are conducted with ash acceleration test approaches. Zhang et al. [72] conducted active
regeneration over the accumulated amount of ash 0 g/L, 5 g/L, 10 g/L, 20 g/L, 40 g/L. As illustrated in Figure
10, with actual 4 g/L soot loading, the test results show that both maximum DPF temperature and maximum
temperature gradient increases, which is caused by the decreasing of effective soot deposited volume.

Zhang et al. [72] conducted similar active regeneration tests with constant DPF pressure drop. There is
no DPF soot loading correction algorithm in ECU as ash accumulates in this case. When the amount of ash
accumulation is 0 g/L, 5 g/L, 10 g/L, 20 g/L, 40 g/L, the actual DPF soot loading is 4 g/L, 4.6 g/L, 3.7 g/L,
3.1 g/L and 1.4 g/L, respectively. As illustrated in Figure 11, the maximum DPF temperature gradient
increases to extremely high level (152.5 °C/cm) as ash accumulates (to 40 g/L), which increases the risk of
high temperature failure (DPF crack). As ash accumulates to larger level, the local ash/soot and exhaust flow
distribution in DPF become significantly uneven from substrate center to skin for tested DPF outlet, as
illustrated in Figure 12. This is believed as root cause of above maximum temperature gradient increase.
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Figure 12. DPF X-ray CT picture @40 g/L ash loading. Reprinted with permission from [72].

6. Reliability Optimization Approaches

The product reliability is key for manufacturers and end users in market applications, it’s critical to
improve reliability of particulate filter of diesel engine after-treatment system. The approaches on how to
reduce the risks of DPF clogging and the high temperature failure will be elaborated from the point of view of
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engine and after-treatment system integration optimization.

The system optimization work will focus on the hardware design, the ECU algorithm and calibration.
During optimization process, there are many performance trade-off relationships. These must be used to
balance trade-offs to meet customer requirements. In additional, the impacts of normal product production
consistency and usage deterioration (PM emission) in the market need be considered as high priority. The
sufficient design margin and the conservative regeneration control would be critical to mitigate DPF clogging
and high temperature failures risk.

6.1. Optimization of Engine Generated PM Rate

For a given type of vehicle, the optimization of engine out PM is crucial to achieve the engineering
objective of active regeneration interval, and reduce the risks of DPF clogging and high temperature failure.

The engine out emissions optimization work consists of combustion development and calibration
optimization. The combustion development work is to select the appropriate key emission components that
meet the development goals (especially for NO,/PM ratio) at each engine speed and toque points for a given
matched type of vehicle.

Prior to conduct the engine development work, the appropriate engineering development goals
(margins) should be set after fully consider the risk associated with the DPF after-treatment capability, normal
production consistency, and normal product deterioration factors.

There are stringent emission requirements for both NO, and PM from regulation. Accordingly, the goal
of optimizing engine emissions is often to simultaneously reduce both NO, and PM (smoke), especially when
the engine is not integrated with SCR after-treatment. This means that the emission optimization of engine
out is to make the NO, vs PM (smoke) trade-off line downward, as illustrated example in Figure 13. The 50%
variable geometry turbocharger (VGT) position refer to closure percentage. As the VGT closure percentage
increases, the intake manifold pressure will increase.
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o
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Figure 13. Trade off between NO, vs PM. Reprinted with permission from [73].

The design of engine piston bowl (combustion chamber) and its matching with injector fuel spray are
the ones of most critical factors affecting engine out emissions, which often rely on simulation tool to
optimize. And with the upgrading of emission requirements, the design of piston bowl size has the increasing
trend of bowl diameter/bowl depth ratio [74,75].

A certain swirl ratio of cylinder head intake port can also promote the air mixing of both air and fuel,
and combustion improvement, but if it is too large or too small, it will cause combustion deterioration and
emissions increase [34]. As the continuous improving of fuel system injection pressure, the optimal swirl
ratio of diesel engine shows a downward trend [76]. Since the swirl ratio and flow coefficient of intake port
are negatively correlated, the future cylinder head design trend is to reduce the swirl ratio in order to increase
the flow coefficient, which can increase the air fuel ratio and improve combustion.
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The additional optimization approaches that can simultaneously reduce both engine out NO, and PM
emissions are summarized in Table 4. The influencing trend summary of these key emission components is
on the basis of optimized calibration.

For a 4.5 L non-road diesel engine (rated power: 129.0 kW) with one stage turbocharger, the transient
cycle engine out emissions results are as follows: PM is 0.037 g/kW.h, NO, is 2.62 g/Kw-h [77]. If make the
extreme worst assumption that all PM is soot, then the NO /PM ratio is 70.8, which suggests that the relative
high NO,/PM ratio is achievable at lower engine out NO_ emissions level. This suggests that it is promising
to reduce the risk of failure through engine out emissions optimization even at relatively low NO,
development target settings.

Table 4. Optimization approaches of engine out emissions [73,77—84].

Infll;;iltl(c);ng Approaches to Simultaneously Reduce NO, and PM Adverse Effect
Comr};rtfi:(s)smn Appropriately reduce compression ratio [78] Increase fuel consumption
Injector In general, select small static flow or injection hole diameter . L
nozzle Increase injector coking risk
[77,79]
parameters
EGR ?ooler Improve cooler efficiency [80-82] Extremely low coolt?r efﬁmency
efficiency increase plugging risk
Turbochareer Optimize turbocharger efficiency or select two stage Selecting two stage turbocharger will
£ turbocharger, and choose a large EGR ratio calibration [83] increase cost

#1: Increase fuel injection pressure and EGR ratio, select proper
Calibration injection timing [84] Selecting a higher pressure fuel
optimization ~ #2: Simultaneously increase boost pressure and EGR ratio [73] injection system will increase cost
#3: Add the appropriate close post injection [84]

As described in Section 4.1.2.2, the extremely poor engine production consistency and the PM emission
deterioration are contribution factors to result in extremely high DPF soot loading. In order to reduce the DPF
clogging risk in the market, the manufacturing deviation control, design and control optimization on the key
emission components would be required. The extremely abnormal engine working circumstances are
contribution factors for extremely high DPF soot loading. Adding the relevant sensors and relevant ECU
control algorithm would be capable to reduce the DPF clogging risk that caused by abnormal working
circumstances. The details of relevant solutions are not the focus of this paper, will not be expanded.

The engine malfunctions are another contribution factors to result in extremely high DPF soot loading,
The relevant solution would be covered in next Section 6.7.

6.2. Optimization of DPF after-Treatment System Integration

The ideal regeneration is the NO,-assisted continuous regeneration technology (CRT), which do not
need perform DPF active regeneration or only need perform fewer DPF active regeneration under extreme
special conditions [32]. Therefore the probability of DPF clogging or high temperature failure rate is greatly
reduced. But the continuous regeneration DPF system has extremely high requirements on engine out
emissions, the type of applied vehicle, and DPF system itself performance. Hence the continuous
regeneration DPF system is difficult to realize, especially for some specific vehicle type application with
lower average exhaust temperature.

As mentioned in Section 4.1.3.1, the key design that determine DPF passive regeneration capability
refers to the velocity uniformity, precious metal coating and substrate volume of DOC/DPF. These design
parameters are next optimization work objects. The design optimization working direction is to move the soot
loading balance curve (mentioned in Section 4.1.1) downward in order to achieve the product requirements
(CRT or active regeneration interval target) and balance the DPF after-treatment cost.

The DPF after-treatment optimization work sequence is shown in Figure 14.
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Figure 14. Optimization work sequence.

The CFD simulation can be used to optimize the front pipe of DOC and DPF to improve the substrate
inlet velocity uniformity, and this consequently improve the DOC conversion efficiency, the DPF passive
regeneration efficiency and local soot distribution uniformity in DPF [39,41].

The numerical model or 1D simulation work can play a key role in the acceptance assessment of high
efficiency DOC/DPF emission system integration in the future work [21]. Many studies related to DPF
passive regeneration efficiency have been carried out by previous authors. Based on the numerical model,
Lee et al. [21] studied both DOC/DPF volume and the amount of precious metal coating effects to the passive
regeneration efficiency (or the remaining DF soot loading). Based on the commercial software AVL BOOST
v. 5.1., Cordtz et al. [23] conducted the similar study with 1D simulation model, which proved that the model
accuracy is good at steady state engine operating points. Based on the Matlab Simulink tool, Bai et al. [22]
simulated the passive regeneration efficiency and the remaining DPF soot loading, during 50 or 100 world
harmonized transient cycle (WHTC) test, the simulation demonstrates a good accuracy against engine bench
test results.

With mentioned above simulation software (or simulation approaches), the design of DOC and DPF
(such as substrate volume and precious metal coating) could be optimized, and evaluated if meet the active
regeneration interval requirements for a given type of vehicle.

The local soot distribution in DPF has a strong correlation with the engine operating conditions [69].
After above simulation work completed, in order to check if the designed prototype can meet the
requirements for the DPF soot loading estimation accuracy, active regeneration interval and DPF active
regeneration performance, the engine bench test is firstly required to carry out through simulating the typical
driving cycles of a given type of vehicle.

Finally, vehicle field tests are required to verify the fuel adaptability and robustness, such as DPF soot
loading accuracy and active regeneration interval [62,85].

The deterioration factors of DPF passive regeneration capability are summarized in Section 4.1.3.2. In
order to reduce the DPF clogging risk, the deterioration factors need be taken into consideration for this
optimization work.

6.3. Reducing Maximum Regeneration Temperature by DPF Design Optimization

As discussed in Section 5, typically, the maximum DPF temperature during active regeneration could be
used to judge the risk level of high temperature failure. The safety DPF soot mass/loading limit (SML) may
be defined based on DPF internal maximum temperature during DPF active regeneration under a target
controlled DPF in temperature, above of which would damage the DPF. The higher maximum DPF internal
temperature indicates a lower allowable SML. The total DPF substrate volume (L) is used to calculate the
SML (g/L).

The key DPF design optimization approaches that could reduce maximum DPF regeneration
temperature under identical test condition are summarized in Table 5. These design optimization maybe
impact the heat loss (temperature drop) over DPF during non-active regeneration mode, this is not focus of
this paper, will not be covered.
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Table 5. Methodologies to reduce maximum DPF temperature.

Impact Factors Improving Methodology Adverse Impacts
Substrate material Select SiC material as substrate [56,86] SiC DPF is More expensive than
Cordierite DPF,
DPF/CDPF Select bare DPF (vylthout precious metal DPF soot regeneration efficiency
coating) [25] decreases
Bulk Density Enhance bulk density [56] Often leading to an increase of DPF
Substrate Porosity (%) Reduce the DPF porosity [55,61,87,88] pressure drop
DPF volume Reduce DPF substrate volume [86,89] DPF soot regeneration efficiency
decreases
Length/diameter ratio Details as below paragraph NA

(W/same volume)

Typically, the maximum DPF regeneration temperature of Cordierite is higher than SiC material under
the conditions of identical DPF substrate dimension (length/diameter) [75].

A significant improvement in soot oxidation rate could be seen with precious metal coated DPF when
compared to bare (uncoated) DPF, which would increase heat release rate and maximum DPF regeneration
temperature during active regeneration [25].

Increasing the DPF substrate cell density and wall thickness usually increases the bulk density of DPF
filters, which can reduce the maximum DPF temperature during the active regeneration [56].

Reducing DPF porosity has the similar effects with bulk density increase [87]. But both would result in
the increment of DPF pressure drop [56,61].

Iwasaki et al. [61] conducted drop to idle comparison tests on both standard and low porosity coated
Cordierite DPF, the results show that the low porosity plus thicker wall material could improve the safety
soot mass limit (SML) by 2 g/L over the standard material, which is promising.

The lower porosity material plus thicker wall version of the new Cordierite DPF for better robustness is
available from the recent paper (2022 year) of key DPF supplier NGK [88].

Miyairi et al. [86] conducted the numerical simulation study on DPF volume impacts to maximum
regeneration temperature. Under constant space velocity condition, the results show that maximum DPF
regeneration temperature increases as DPF substrate length (or diameter) increases at constant substrate
diameter (or length) condition. This mean maximum DPF regeneration temperature increases as the DPF
substrate volume increases. In other words, maximum safety DPF soot loading decreases as the DPF substrate
volume increases. Kitagawa et al. [89] conducted the real test, revealed the similar conclusion. It’s proven
that too large volume DPF substrate design would increase the risk of high DPF temperature failure.

DPF substrate length and diameter ratio (L/D) is also one of influencing factors of SML [56]. Lee et al. [90]
conducted a simulation study to check the “L/D” impacts on maximum DPF regeneration temperature while
maintain the same DPF volume. The results are summarized as follows: (1) for city driving mode (that include
drop to idle process), the maximum DPF regeneration temperature increases under the “L/D < 0.6” conditions
as “L/D” increases; (2) the maximum DPF regeneration temperature decreases under the “L/D 2.6 conditions
as “L/D” increases.

6.4. Optimization of Virtual DPF Soot Loading Sensor Accuracy

As described in Section 5, the virtual DPF soot loading sensor is a critical security to prevent high
temperature failures under high actual DPF soot loading conditions.

Typically the proposed accuracy is =1 g/L [68] or £20% from literature review [5]. In order to achieve the
accuracy objective, below optimization on ECU software (including calibration) and hardware are required.

6.4.1. Virtual Sensor Based on Pressure Drop

The key methodologies that can improve virtual DPF soot loading sensor accuracy are firstly
summarized as below Table 6.
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Table 6. Methodologies to improve DPF soot loading sensor accuracy.

NO. Resources to Virtual Sensor Error Methodologies to Reduce Sensor Error
#1 Relevant sensors tolerance accumulation Select the relative high accuracy sensors
4 Too lower DPF pressure or shallow pressure slope over Improving DPF substrate design (as mentioned factors
soot loading in Section 5.2.1)
3 Hysteresis effect of DPF pressure drop by incomplete
active regeneration (1) ECU algorithm and calibration optimization
. . (2) Select high porosity DPF design (plus uniform
y4 Hysteresis effe:;g?i?rngjfjt‘ﬁCil;fp:c’tysNOZ assisted Pore Size Distribution (PSD))
p & p (3) Selected DPF channel inlet membrane design
#5 Ash accumulation impact on DPF pressure drop
46 Engine malfunction, such as intake air leakage beside Refer to next Section 6.7

inter-cooler

As described in Section 5.2.1, the virtual DPF soot loading sensor with DPF pressure drop principle
relies on many physical sensors reading inputs. In order to reduce the accumulation error of virtual DPF soot
loading sensor, it would be better to select the high quality (accuracy) physical sensors, especially for DPF
pressure drop sensor.

To reduce the underestimated risk of DPF soot loading that causes by hysteresis effect of DPF pressure
drop, both ECU software and hardware optimization approaches are available.

From the point of view of ECU software optimization, it would be better to conduct the complete DPF
active regeneration timely and regularly. In addition, more sophisticated soot models that considered the NO,-
regeneration impacts are required to improve from some studies [91].

From the point of view of hardware optimization, below two options are available from DPF suppliers:
(1) select the high porosity DPF design, (2) select the DPF channel inlet membrane design.

The new Cordierite material was studied by NGK. The hysteresis effect of DPF pressure drop could be
reduced with high porosity DPF design plus uniform Pore Size Distribution (PSD) for better virtual DPF soot
loading sensor accuracy. And further study would be conducted to check if can achieve the higher PN and PM
filtration performance requirements of future tighter heavy duty vehicle and non-road engine emission
regulation by together applying smaller Mean Pore Size (MPS) DPF design [88].

Both the NGK and Ibiden company engineers studies indicate that adding the inlet membrane or
filtration layer along the DPF channels can get better hysteresis of DPF pressure drop, and improve filtration
efficiency [61,92,93]. Now, the technology has been partly used in China on road stage VI applications.

It was not seen yet from literature review if the membrane technology can meet the tighter PN emission
requirements of future diesel engine emission regulation. But from study on gasoline particulate filter, NGK
expects to be able to achieve Euro7 with membrane technology with Cordierite substrate plug SiC membrane
material [94]. Accordingly, the DPF substrate material with inlet membrane would be one of future research
directions to achieve the tighter PN emission of future diesel engine regulation.

As described in Section 6.3, the high porosity design would worsen DPF robustness. Therefore, the inlet
membrane design plus low porosity and thicker wall would be better solution from DPF product reliability
consideration. Meanwhile, the inlet membrane or filtration layer design could reduce the increment level of
the DPF pressure drop associated with a low porosity DPF [61].

To reduce the underestimated risk of DPF soot loading over ash accumulation in DPF, both ECU
software and hardware optimization approaches are available.

The amount of accumulated ash in the DPF can be estimated through estimates of engine oil
consumption or DPF back pressure measurements following complete regeneration [18,43,95]. In turn,
through the estimation of accumulated ash quantity, the accuracy of DPF soot loading calculated by the ECU
can be improved accordingly. But this would not be able to cover the abnormal oil consumption scenarios.

Dimou et al. [67] conducted a comparison tests on 40%, 50% and 60% porosity DPF against several ash
accumulated levels, respectively. The results show that with the increment of DPF porosity, the
underestimation risk of DPF soot loading over the increment of ash accumulation is reduced. With 60%
porosity DPF, under the identical DPF pressure drop condition, the maximum DPF soot loading deviation is
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heavily reduced to ~0.5 g/L compared with data over 0~20 g/L ash accumulation in DPF.

As described in Section 5.2.1, with 50% porosity DPF design, there is a underestimated risk of DPF soot
loading as ash accumulates in DPF. This is due to the formation of ash cake layer as the ash accumulates over
time. The ash cake layer could cover the surfaces pore of substrate wall, prevent soot from entering the pores,
reduce the initial soot depth filtration state and accelerate the build-up of a soot cake layer [96].

It was not seen yet from literature review if the lower (40% and 50%) porosity material with inlet membrane
can reduce the underestimated risk of DPF soot loading as ash accumulates in DPF. But in theory, the answer would
be capable. Because the inlet membrane design could achieve the similar function of ash layer.

6.4.2. Model Based Virtual Soot Loading Sensor

As described in Section 5.2.2, the model based virtual DPF soot loading sensor could not reflect the real
DPF soot loading when below scenarios happen: (1) extremely poor production consistency of key emission
components, (2) extremely poor PM emission deterioration, (3) extremely abnormal working circumstances,
(4) engine malfunctions.

And the DPF soot loading would be also underestimated when DOC poisoning or Excessive DOC deposit.

When above scenarios happen, the virtual sensor based on pressure drop would be more reliable.

6.5. Lowering the Risk of Uneven Soot Loading or Flow

As described in Section 5.3, the key contribution factors on uneven local DPF soot loading or flow are
as follows: (1) poor flow velocity uniformity; (2) incomplete DPF active regeneration; (3) ash impact.

The approaches to reduce uneven local DPF soot loading risk are elaborated as below.

The optimization of DOC and DPF inlet dimension design can improve the flow velocity uniformity and
the distribution uniformity of soot loading within DPF [39].

DOC/DPF face plugging would also drive the poor flow velocity uniformity risk, the effective ways to
mitigate DPF face plugging risks are as follows: (1) optimize the calibration to reduce the engine out HC and
PM emissions in the low-load engine operating region; (2) select suitable DOC design, such as appropriate
catalyst coating content, too high precious metal coating correlated with increased face plugging risk from
test data, and relative lower cell density [97]; (3) carry out the timely and effective thermal management [43];
(4) add another close-coupled DOC near turbo outlet [53].

Incomplete active regeneration is one of contribution factors to make local DPF soot loading uneven for
next cycle DPF soot accumulation process. The prolonged active regeneration can reduce this risk, but would
drive fuel consumption and oil dilution risk increase.

Ash could not be fully removed from DPF active regeneration, the ash removal during regular
maintenance service is one of typical ways to reduce uneven DPF soot loading or exhaust flow and the risk of
high DPF failures.

6.6. Optimization of ECU Calibration to Timely Trigger Regeneration

The high DPF soot loading can lead to the uncontrolled regeneration, and destroy the DPF. Therefore, it
is critical to timely trigger regeneration to protect DPF from clogging and high temperature failures.

The methodologies that used to reduce the high temperature failure risk are firstly summarized in
Table 7.

Considered the virtual DPF soot loading sensor accuracy tolerance, and the system time delay between the
activation of active regeneration and the successive DPF active regeneration (that mentioned in Section 4.2), a
appropriate margin of calibration threshold that trigger DPF active regeneration need be reserved in comparison
with SML. When the regeneration is triggered, the actual soot loading in DPF would better be much less than SML.
The reserved margin is determined by virtual DPF soot loading sensor accuracy capability and system time delay
of active regeneration for a given type of vehicle.

And as listed #2 approach in Table 7, the frequency of active regeneration should have a relative
increasing trend over regeneration cycle and/or ash amount accumulation. The reasons are as follows.
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Table 7. Methodologies to reduce failure risk.

NO. Approaches List Reasons

(1) Virtual DPF soot loading sensor accuracy tolerance;
(2) System time delay between the activation of active
regeneration and the successive DPF active
regeneration

In comparison with SML, reserve a appropriate margin
#1 of calibration threshold that trigger DPF active
regeneration

Substrate strength deterioration by fatigue over active

. . regeneration time accumulation
Over active regeneration cycles and/or ash amount

#2 accumulation, Effective volume decreasing over ash accumulation

increase the frequency of active regeneration P
quency vereg Soot distribution probably become uneven over ash

accumulation

When thermal stress is more than DPF substrate strength, DPF fracture failure would occur. DPF
substrate strength deterioration by fatigue is positively correlated with DPF active regeneration cycles [55].
And from point of view of reliability, it’s recommended by Yamaguchi et al. [55] that the maximum thermal
stress is kept lower than about 30% of the initial Cordierite substrate material strength. Therefore, the
frequency of DPF active regeneration should have a increasing trend.

As mentioned in Section 5.3, the accumulated ash over vehicle life time can drive below influences: (1)
decrease the effective volume of DPF; (2) Soot/ash distribution or flow probably become uneven. In order to
reduce the risk of high temperature failure, the frequency of active regeneration should also have a relative
increasing trend [17,28].

In summary, the conservative regeneration interval setting is required to mitigate the risk of DPF high
temperature failure. And the most active regeneration would better to trigger based on the total time since last
active regeneration, the total distance since last active regeneration, fuel consumption based rather than
virtual DPF soot loading sensor. This strategy is already employed for the current generation of trucks
application, which is proved by key DPF supplier Corning’s study [70].

6.7. Optimization to Reduce DPF High Temperature Failures Risk That Driven by Extreme Catastrophic
“Event”

Yang et al. [98] conducted a root cause study of filter failure modes based on analysis of field return
DPFs. The event-driven failures appeared to be one of the typical cases of filter failures among all field return
DPFs, the catastrophic “events” referred to the DPF upstream engine or component malfunctions.

During the extreme catastrophic “events”, such as severe intake air leakage, or the additional malfunction
failures that listed in Section 4.1.2.2, some of them can lead to high engine out PM emissions and turbo outlet
exhaust temperature (even >550 °C turbo outlet temperature at high engine loading points). This increase the DPF
thermal failure risk during uncontrolled regeneration or extreme event driven O,-assisted regeneration.

In order to reduce the DPF failure risks, below three aspects work are required: (1) optimize or
strengthen the design to reduce the probability of catastrophic “events” occurring; (2) optimize the system
integration and ECU diagnostic algorithm to timely identify the malfunctions; (3) activate the ECU
mitigation control logic to reduce DPF failure risk after ECU identified the malfunctions or high DPF soot
loading. This is a too huge topic, will just take examples to introduce.

For above (1) item, in order to effectively solve these problems, for failure modes that are less easy to
recognize timely, design enhancements need be made to prevent failures. For example, the design of the
intake system pipe and clamps at each connection would be strengthened to ensure that the probability of air
leakage failure is extremely low, unless vandalism occurs.

The timeliness and accuracy of the actual DPF soot loading identification by ECU is key to mitigate the
risk of DPF higher temperature. The MAF sensor location (at the inlet of turbocharger compressor) is too far
away of engine intake manifold, this worsen the timeliness of intake air leakage identification by ECU. As a
result, when actual air leakage happen near turbocharger inter-cooler, the underestimation issue of DPF soot
loading recognized by ECU (via differential pressure sensor) cannot be identified timely. Therefore, it would
be better to select the air mass sensors configuration that much close to engine intake manifold, alternatively
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installed the oxygen sensor beside DOC. For specific vehicle type (e.g., low activation frequency of the ECU
algorithm based on differential pressure calculations), to further reduce the risk of failure, the redundant radio
frequency (RF) sensor can be configured at both ends of the DPF to improve the timeliness and accuracy of
the actual DPF soot loading identified by ECU [99]. The RF sensor is already commercialized by some
engine manufactures on Cordierite DPF.

After the high DPF soot loading is recognized by ECU, reducing the control target of DOC out
temperature can be temporarily used to reduce high DPF temperature failures [59]. As a result of reducing the
control target of DOC outlet temperature, the fuel consumption for active regeneration would increase
significantly [100,101]. This would also increase fuel consumption and oil dilution risk if frequently use this
mitigation strategy. Temporarily increasing engine low idle speed setting by ECM is another option to
mitigate high temperatures failures risk [102].

7. Summary

Fault tree analysis approach is a good tool for failure analysis on complex system engineering problems.

This paper summarizes the root causes of DPF clogging and high temperature failures, as well as
countermeasures to reduce these failure risks.

The main reasons of the DPF clogging failure are as follows: (1) Engine out generated PM rate >>
consumption rate of DPF passive regeneration; (2) the poor accuracy of the virtual DPF soot loading sensor; (3)
unsuccessful active regeneration. The details are elaborated in this paper.

Excessive total DPF soot loading (especially when DPF soot loading is underestimated by ECU) and
uneven local soot distribution are ones of the main root causes of abnormal high DPF temperature failures
during DPF active regeneration.

In order to reduce the risks of DPF clogging and high temperature failures, below system integration
optimization could improve DPF reliability in market applications.

Option #1: the engine out PM emissions could be reduced through the engine design and calibration
optimization, which is critical to mitigate DPF clogging risk.

< Below approaches could be taken, such as the reduction of compression ratio, the reduction of the injector
static flow and the injection hole diameter, the increase of fuel injection pressure, the increase of the EGR
cooler efficiency, the increase of the intake manifold pressure, and close post injection strategy adding.

< The impacts of emission consistency and deterioration of production product need be taken into consideration.

Option #2: ensuring the appropriate DPF after-treatment system substrate volume and precious metal
coating contents for DPF clogging risk is crucial to mitigate DPF clogging risk.

< During development phase, the simulation work, engine bench tests and field tests are to assess the DPF
system integration risk.

Option #3: diminishing the maximum regeneration temperature could be achievable with below DPF
design optimization.
< SiC material DPF
<& Non-catalyzed DPF
< Higher bulk density substrate material
<& Lower porosity substrate material

Option #4: improving the accuracy of virtual DPF soot loading sensor is critical to mitigate the risk of
high temperature failures.

<& The ECU algorithm and calibration could be optimized, for example, conducting complete active
regeneration regularly.

<> DPF hardware optimization is required, such as the high porosity DPF material with uniform PSD and
smaller MPS, the substrate material with inlet membrane. Both examples could get better hysteresis of

DPF pressure drop and filtration efficiency.

22 of 28



1JAMM 2025, 4(1), 2 https://doi.org/10.53941/ijamm.2025.100002

Option #5: Lowering the risk of uneven soot loading or flow is critical to mitigate the risk of high
temperature failures. Below optimization approaches could be taken.

< The optimization of DOC and DPF inlet dimension design could be conducted with simulation tool assistance.
<&DOC substrate design and regeneration calibration would be an optimization direction.

< Timely ash removal is typical way to mitigate risk.
Option #6: adopting conservative regeneration control is critical to reduce high temperature failure risk.

<& The active regeneration interval setting need be appropriately calibrated with the consideration of the
system time delay of DPF active regeneration, the substrate strength deterioration by fatigue and the

impacts of the amount of ash accumulation.

Option #7: the DPF failures risk that driven by extreme catastrophic “event” need be mitigated from the
optimization of system integration level.

<> The hardware design need be optimized or strengthened to reduce the probability of catastrophic “events”
occurring, such as the design of intake air system pipe and clamps at each connections.

<& The system integration and ECU diagnostic algorithm need be optimized to timely recognize the engine
malfunctions. For example, selecting the air mass flow sensors configuration that much close to engine
intake manifold could reduce the risk of underestimated DPF soot loading.

<& After the catastrophic “events” are recognized, the ECU mitigation control logic need be activated to
reduce the risk of DPF failure, such as, reducing the control target of DOC outlet temperature, increasing
engine low idle speed.

In addition, the correct diesel fuel and oil that regulated by manufacturer’s instruction manual are
required to adopt by end user for the risk mitigation of DPF failures.

8. Conclusion and Outlook

DPF clogging and high temperature failures are a complex system engineering problem. The fault tree
analysis (FTA) is a better choice to identify the root causes of failures in comparison with fishbone diagram
and 5-why analysis methodologies.

The extremely higher total DPF soot loading and uneven soot/ash distribution are typical root causes of
the uncontrolled regeneration, resulting in high temperature failures. The risk of DPF clogging and high
temperature failures can be minimized through system optimization approaches: (1) reducing the engine out
PM; (2) ensuring the appropriate DPF after-treatment system substrate volume and precious metal coating
contents for DPF clogging risk; (3) diminishing the maximum regeneration temperature by DPF design
optimization; (4) improving the accuracy of virtual DPF soot loading sensor; (5) lowering the risk of uneven
DPF soot loading or flow; (6) adopting conservative regeneration control for high temperature failures. These
relevant optimization could also reduce the risk of PN emissions exceeding limits of PEMS supervision.

To fulfill the tighter PN requirements of future emission regulation, additional DPF optimizations are
required, the next development directions are as follows: (1) adopting the new Cordierite material with higher
porosity, further smaller mean pore size and uniform pore size distribution; (2) alternatively, developing the
new Cordierite material with inlet membrane, lower porosity and thicker wall. Both would improve the
hysteresis of DPF pressure drop for better accuracy of virtual DPF soot loading sensor, and DPF pressure
drop. The DPF robustness could be improved with lower porosity material plus thicker wall.

And the sensor technology is crucial for mitigating the failure risks. Adopting the radio frequency (RF)
sensor on Cordierite DPF would get better accuracy of total DPF soot loading reading. And the
commercialized reliable vehicle on-board sensor that could recognize the severity level of uneven soot/ash
distribution is not available in the market, which would be required and to be developed for further DPF
reliability improving.

The in-cylinder later post fuel injection strategy is a low cost solution, which is adopted by many
manufacturers nowadays. To further mitigate the DPF failures risk in the market, the electric heat catalyst
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(EHC) devices would be a choice for mitigating unsuccessful active regeneration risk.

Currently, it is the era of rapid development of artificial intelligence (AI). Through telematics
technology transmitting engine ECU data to the data platform, based on big data analysis, the virtual man can
remotely guide the end user to carry out the appropriate maintenance work in a timely manner. This can be
used to improve the reliability of the DPF, and would be a trend in the future.
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Definitions/Abbreviations

Al Artificial intelligence

ASC Ammonia slip catalyst

CDPF Catalyzed diesel engine particulate filter

CRT Continuous regeneration technology

DOC Diesel oxidation catalyst

DPF Diesel engine particulate filter

DTI Drop to idle

ECU Engine electronic control unit

EGR Exhaust gas re-circulation

EHC Electric heat catalyst

FEM Finite element method

FTA Fault tree analysis

MAF Mass air flow

MPS Mean Pore Size

OBD On-board diagnostic

PEMS Portable emissions measurement system

PM Particulate matter

PN Particulate number

PSD Pore Size Distribution

RF Radio frequency

SCR Selective Catalytic Reduction

SiC Silicone Carbide

SML Safety soot mass limit

VGT Variable geometry turbocharger

WHTC World harmonized transient cycle
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