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Abstract 

Diesel engines are widely used because of their high efficiency and low 

“greenhouse gas” emission. The particulate matter (PM) emitted by a diesel engine is 

collected and then burned in a diesel particulate filter (DPF). Analysis and modeling 

works have been done in this research to provide insight on optimization of the DPF 

design and operating conditions to achieve low pressure drop across the filter to decrease 

fuel consumption and low peak temperature during regeneration to avoid filter melting, 

cracking, and/or catalyst deactivation. 

Limiting models of the 1-D two-channel DPF model are analyzed. Analytical 

predictions and physical insight on the filtration velocity, pressure drop, heat transfer, 

light-off and regeneration in a DPF are obtained. The hydraulic analysis enables an 

efficient optimization of the DPF that lead to a more uniform PM deposition profile and a 

decrease of the pressure drop. The heat transfer, light-off and regeneration analysis 

enable estimations of the DPF heat-up time, the speed and width of the temperature front, 

the light-off temperature and time, and the peak regeneration temperature. New DPF 

regeneration procedures are proposed to limit the maximum local temperature rise. 

In various cases a DPF is connected by a wide-angled cone (diffuser) to the 

engine exhaust pipe. A 2-D axisymmetric PM deposition and regeneration model is 

developed to investigate the impact of the inlet cone on the deposition rate and the 

regeneration temperature as well as on the transient inlet velocity distribution among the 

various DPF channels. The highest regeneration temperature and thermal stress when 

using an inlet cone may be quite higher than when it is absent. 



viii 
 

A major technological challenge in the regeneration of the ceramic cordierite 

filter is that a sudden decrease of the engine load, referred to as Drop to Idle (DTI), may 

create a transient temperature peak much higher than under either the initial or final 

stationary feed conditions. This excessive transient temperature rise may cause local 

melting or cracking of the ceramic filter. Suggestions on how to limit the peak 

temperature rise following a DTI are provided through numerous simulations of the 1-D 

and 2-D DPF regeneration models. 
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fh front heat-up time 

fo homogeneous front ignition 

g exhaust gas 

ig ignition 
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in DPF inlet 

ins insulation layer 

p particulate layer 

ref reference 

s Substrate (filter wall) layer  

w filtration through the filter wall 
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Chapter 1 Introduction 

1.1 Introduction 

High efficiency and long durability diesel engines are widely used in passenger 

cars, heavy-duty trucks and non-road vehicles throughout the world. They have lower 

emissions of “greenhouse gas” and hydrocarbons than gasoline engines. The main 

drawbacks of diesel engines are the emissions of NOx (NO + NO2), which is linked with a 

number of adverse respiratory effects and formation of ground-level ozone and 

particulate matter (PM), which can penetrate into the lungs and is a carcinogen.
1-3

  

In diesel engines the fuel is injected into the cylinders just before combustion 

starts, so throughout most of the cycle the fuel distribution is non-uniform.
4
 NO forms in 

the high-temperature burned gases behind the flame. Its formation rates are highest in the 

regions where the air/fuel ratios are close to stoichiometric. Experiments show that 10 to 

30 percent of the NO in the flame zone can be rapidly converted to NO2.
4
 The PM, which 

consists of carbonaceous soot, hydrocarbons, acids (such as nitrates and sulfates) and 

inorganic ash, forms from incomplete combustion of the fuel hydrocarbons in the fuel 

rich regions. Based on the particle size, the PM can be characterized as nuclei mode, 

typically with diameters from 3 to 50 nm, accumulation mode, with diameters between 

50 to 1000 nm and coarse mode, with diameters greater than 1000nm.
5-7

 Nuclei mode PM 

made up most of the total particle number (PN), while accumulation mode PM contribute 

most to the total particulate mass as shown in Figure 1.1. It has been shown that the 

nuclei mode PM has the strongest negative impact on human health among the three.
7
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Figure 1.1: Schematic of normalized engine exhaust mass- and number- based particle 

size distribution.
6,7

  

 

Regulatory agencies establish emission standards to decrease the critical 

pollutants.
1-3

 In the US, California Air Resources Board (CARB) issued three emission 

standards: LEV, LEV II and LEV III. The LEV III emission standards are the current 

most stringent emission regulations in the US. It was adopted in 2012 and will be phased-

in between 2015 and 2025 model years. Table 1.1 listed the LEV III emission categories 

and their FTP-75 standards for light and medium duty vehicles. FTP-75 is a federal test 

procedure for emission certification of urban vehicles
1,3

. The durability requirement of 

the emission after-treatment system is increased from 120,000 (LEV II) to 150,000 miles. 

The fleet average combined NMOG+NOx requirement becomes more stringent than the 

LEV II standard. The PM emission standards shown in Table 1.1 will be tightened more 

to levels as listed in Table 1.2. All passenger cars, light-duty trucks and medium-duty 

passenger vehicles’ PM emission must be lower than the level of 1 mg/mi in 2025. A 
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review will be held in 2015 to determine its feasibility. CARB mentioned in oral 

comments that they will apply a particulate number standard if the proposed PM standard 

is not measurable.
8
  

 

Table 1.1 LEV III emission standards, durability 150,000 miles, FTP-75 

Vehicle Type Emission Category 
NMOG+NOx CO HCHO PM† 

g/mi g/mi mg/mi g/mi 

All PCs 

LDTs ≤ 8500 lbs GVW
a
 

All MDPVs 

LEV160 0.160 4.2 4 0.01 

ULEV125 0.125 2.1 4 0.01 

ULEV70 0.070 1.7 4 0.01 

ULEV50 0.050 1.7 4 0.01 

SULEV30 0.030 1.0 4 0.01 

SULEV20 0.020 1.0 4 0.01 

MDVs 8501 - 10,000 lbs GVW
b
 

LEV395 0.395 6.4 6 0.12 

ULEV340 0.340 3.2 6 0.06 

ULEV250 0.250 2.6 6 0.06 

ULEV200 0.200 2.6 6 0.06 

SULEV170 0.170 1.5 6 0.06 

SULEV150 0.150 1.5 6 0.06 

MDVs 10,001 - 14,000 lbs 

GVW
b
 

LEV630 0.630 7.3 6 0.12 

ULEV570 0.570 3.7 6 0.06 

ULEV400 0.400 3.0 6 0.06 

ULEV270 0.270 3.0 6 0.06 

SULEV230 0.230 1.7 6 0.06 

SULEV200 0.200 1.7 6 0.06 

† - Applicable only to vehicles not included in the phase-in of the final PM standards 

(Table 1.2) 

a - Loaded vehicle weight (LVW) 

b - Adjusted loaded vehicle weight (ALVW) 

Abbreviations: 

NMOG - non-methane organic gases 

PC - Passenger car 

LDT - light-duty truck 

MDPV - medium-duty passenger vehicle 

MDV - medium-duty vehicle 

LEV - low emission vehicle 

ULEV - ultra-low  emission vehicle 

SULEV - super ultra-low emission vehicle 
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Table 1.2 LEV III particulate matter emission standards, FTP-75 

Vehicle Type 
PM Limit 

Phase-in 
mg/mi 

PCs, LDTs, MDPVs 3 2017-2021 

1 2025-2028 

MDVs 8501-10,000 lbs 8 2017-2021 

MDVs 10,001-14,000 lbs 10 2017-2021 

 

Environmental Protection Agency (EPA) has issued two sets of emission 

standards for light duty vehicles: Tier 1 and Tier 2. Tier 2 standards were finalized in 

1999 with a phased-in period between 2004 and 2009.
1,3

 It is structured into 10 

certification levels, from Bin 1 to Bin 10, with decreasing stringency.  PM emission from 

vehicles certified to bins 7 and 8 must meet the limit of 0.02g/mi (full useful life). Bins 

lower than those must meet the limit of 0.01g/mi (full useful life). In March 2013, EPA 

proposed the LEV III harmonized Tier 3 emission standards for light-duty vehicles 

effective from 2017.
1,3

 Some potential differences from LEV III are E15 certification fuel 

for gasoline (CARB is E10), 120,000 mile durability and a 3 mg/mile PM limit.
8
 The PN 

emission limit of               has been introduced for diesel engine passenger cars 

by Euro 5.
3
 A PN regulation limit for direct injection gasoline engines will be introduced 

in 2014 by Euro 6.
3,8,9

 Even though limit a PN emission has not yet been established in 

the US, it is expected to be regulated in the near future.   

1.2 Diesel Particulate Filter 

Engine management can no more satisfy the stringent emission regulations so that 

after-treatment systems are used to satisfy emission regulations. Currently, the most 
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efficient device to remove PM from diesel engine exhaust is diesel particulate filter 

(DPF). It consists of thousands of parallel channels, which may be square, sinusoidal, 

triangular, hexagonal, round and so on, with the opposite ends of adjacent inlet and outlet 

channels being plugged. The engine exhaust passes through the porous filter walls from 

the inlet to the adjacent outlet channels, during which more than 85% of the PM is 

trapped and accumulates inside the filter.
1
 This process is called PM deposition or DPF 

filtration. Figure 1.2 shows a schematic of the flow pattern through square inlet and outlet 

channels.  

Ideally, the DPF should have excellent thermal stress stability, low pressure drop, 

sufficient mechanical strength, high corrosion resistance and low weight and price. 

However, it is hard to find one material that fulfills all these requirements. Table 1.3 

compares properties of pure material candidates
10

. Cordierite has the longest history of 

being the DPF material. Its main advantages are low cost and low coefficient of thermal 

expansion (CTE), which results in low thermal stress. However, its low thermal 

Figure 1.2: The schematic of flow through a pair of inlet-outlet DPF channels. 
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conductivity can lead to formation of local hot spots that might melt the DPF. Silicon 

Carbide (SiC) is another popular DPF material. Its high thermal conductivity and melting 

temperature circumvented the cordierite DPF melting problem. Also, it has higher 

corrosion resistance. However, SiC DPF faces thermal crack issue because of its high 

CTE. Besides, the heavier SiC DPF affects the fuel penalty. DPFs made of high-

temperature-resistant metallic materials are become increasingly popular because they 

can be made into thinner walls than ceramics, which can decrease the filter pressure 

drop.
11

 Some of the biggest problems the metallic substrate facing are adhesion, corrosion 

and price. Figure 1.3 shows a picture of commercial DPFs. 

 

Table 1.3 Material candidates for diesel particulate filters (pure material properties)
10

 

Material Cordierite SiC Silicon Mullite Al-

Titanate 

FeCrNi 

Density (g/cm
3
) 2.1 3.1-3.2 2.33 2.9 3.3 8.1 

Thermal conductivity 

(RT) (W/m·K) 

1-3 90 120 4-5 1.5-3 14 

CET 20-1000
°
C          

(10
-6

 1/K) 

0.9-2.5 4.7-5.2 4.4 4.4 -0.5-3 17 

Young’s modulus (GPa) 130 410 110 150 20 200 

Thermal limit for 

application (air) (°C) 

1350 1500 1350 1600 1500 1250 

Corrosion resistance* - + o o o - 

Price* ++ - -- + + -- 

*These properties cannot be compared directly. A rough estimate gives: ++, very good; 

+, good; o, ambient; -, negative; --, very negative. 
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Figure 1.3: Picture of commercial size DPFs (left: SiC, middle: cordierite, courtesy 

of NGK and right: metallic, courtesy of HJS). 

 

 

 

1.2.1 PM Deposition  

PM deposition occurs by a transition from deep-bed filtration to cake filtration. 

During deep-bed filtration, most PM is trapped inside the filter wall by the following 

mechanisms: inertial interception, Brownian diffusion and flow-line interception (Figure 

1.4).
6,12-14

 The inertial interception mostly occurs for large particles (> 0.1 µm) carried by 

gas stream tends to follow the streamline. On approaching a collecting body, they strike 

an obstruction because of inertial effect. Brownian diffusion is important for smaller size 

particles, typically below 0.3 µm. These particles do not move uniformly along the gas 

streamline. They diffuse from the gas to the filter surface and may be collected. If gas 

streamline passes within one particle radius of the collecting body, the particles will 
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touch the body and may be collected. This is called flow-line interception. As the PM 

deposits inside the wall during the deep-bed filtration, the filter wall porosity and 

permeability decrease, and hence the pressure drop across the filter increases. When the 

maximum filter wall PM packing density is reached, particles are no more deposited 

inside it and a PM layer builds up on top of it. This is referred to as cake filtration. 

During this stage, the PM layer itself acts as an efficient filter medium and the filtration 

efficiency reaches almost 100%. The pressure drop increases linearly with the PM layer 

thickness as long as the cake layer density stays constant. Figure 1.5 shows the cross-

section SEM image of PM trapped inside filter pores and a PM layer formed on the inlet 

channel filter wall surface.
14

  

 

 

Figure 1.4: Schemes of particle deposition mechanisms on collecting bodies
6
. 
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Figure 1.5: Crossing section SEM image of loaded filter

13
. 

 

 The backpressure increases as the PM accumulates inside the filter. A typical 

pressure drop across a new DPF at an exhaust volume flow rate of 900 kg/h is around 3.5 

to 5 kPa caused by filtration walls, channel friction and flow contraction and expansion.
10

 

The pressure drop for a fully loaded filter can reach 30 to 40 kPa. This high backpressure 

increases the fuel consumption by 2 ~ 5%
10

. Therefore, periodic thermal PM combustion, 

called DPF regeneration, is required to remove all the PM. The PM loading capacity 

before regeneration is limited to avoid high backpressure and prevent filter destruction 

during thermal regeneration. Depending on the filter capacity and driving conditions, 

regeneration is necessary every 500 to 1000 km.  
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1.2.2 DPF Regeneration 

Regeneration of the PM deposited inside a non-catalyzed DPF usually requires 

inlet exhaust gas temperature in excess of 550°C.
12,15,16

 However, the typical exhaust gas 

temperature reaching the front of a DPF, which is around 200°C, is much lower than the 

PM ignition temperature.
6
 Therefore, active and passive regenerations are used to achieve 

efficient, reliable and cost effective regeneration.
12

  

In active regeneration, the exhaust gas or filter bed temperatures are raised either 

by engine management or external means. The engine management includes exhaust gas 

recirculation, post-injection of fuel, decrease of boost pressure, intercooler by-pass and 

injection time retardation.
12

 External means, which is more often used in active 

regeneration systems, include injection and combustion of combustibles (e.g. fuel) or 

reactive species (e.g. H2O2) in the exhaust gas and electrical or microwave heating of 

entire or part of the filter bed. 

Catalytic assisted passive regeneration lowers the PM oxidation temperature by 

use of catalytic filter coatings, fuel-borne catalysts (FBC) and generating reactive species 

such as NO2. DPF with catalytic coatings on the filter wall is usually referred to as 

catalytic diesel particulate filter (CDPF). Their development started in the early 1980’s 

and focused on decreasing the light-off temperature of PM reacting with oxygen. 

However, because of the poor contact between the PM and catalyst active sites, the 

oxidation temperature can be lowered by up to 100°C, which is still not sufficient to 

cause ignition by the typical exhaust gas.
6,15

 In order to further lower the PM ignition 

temperature to preferably lower than 300 °C, the contact area between PM and catalyst 
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active sites has to be increased. Use fuel-born catalyst (FBC) is a possible solution. Some 

of these catalysts are blended with fuel in small quantities and oxidized in the combustion 

chamber. Others are directly injected into the exhaust pipeline. FBC are deposited inside 

the DPF along with the PM. The contact area is largely increased and the oxidation 

temperature decreases to around 350 °C. The reaction rate increases with incresaing 

concentration of FBC in the PM layer.
6,16

 Commercially available regeneration assisting 

fuel additives are based on cerium (Ce), strontium (Sr), sodium (Na), copper (Cu), 

platinum (Pt), manganese (Mg), iron (Fe) fuel soluble compounds and their 

combinations.
12,16,17

 Ce and Fe based catalysts are the preferred metals due to their low cost 

and low toxicity. Some concerns rose with the use of FBC including adverse effects on 

health and environment, injection nozzle plugging, and pressure drop / fuel consumption 

increase due to increased inorganic ash buildup.     

Studies using real engine exhaust conditions proved that NO2 can oxidize the PM 

at a low temperature of 250°C.
6,18

 However, the concentration of NO2 in the raw engine 

exhaust is too low (5-15% of total NOx, or less than 50 ppm) to provide the required 

reaction rates. CDPF coated with platinum-based catalysts can oxidize NO to NO2. 

However, the produced NO2 forms at the downstream of the PM layer. It can only reach 

the particulate layer through NO2 back-diffusion. Therefore, the availability of NO2 for 

PM oxidation is usually not sufficiently good. Continuous regeneration trap (CRT) filter 

system shown in Figure 1.6 was introduced by Johnson Matthew Inc. A honeycomb flow 

through diesel oxidation catalyst (DOC) coated with platinum-based catalysts is placed 

right in front of the DPF. At temperatures of 300-350 °C, it oxidizes a portion of the NO 

in the exhaust to form NO2 and increases the NO2 fraction to about 50% of total NOx. 
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Interest in PM oxidation by NO2 keeps increasing. However, the exhaust gas temperature 

has to be strictly bounded to enable an efficient and reliable PM regeneration system 

based on this reaction mechanism. Usually, in the passive DPF regeneration system, an 

active regeneration is also added in case of passive regeneration failure.  

1.3 Research Objectives 

Three main objectives in the design and operation of a DPF are (i) lowering 

pressure drop to decrease the fuel penalty, (ii) limiting the maximum local temperature 

rise during regeneration below the melting point of the substrate and (iii) avoid large 

temperature gradients that can crack the support. For more than two decades, numerous 

experimental, numerical and analytical studies have attempted to understand and predict 

Figure 1.6: Schematic of continuous regeneration trap (CRT) filter system. 
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the complex behaviors of the PM deposition and regeneration in a DPF. As in many 

chemical reactors, designs that lead to low operating costs, may lead to unsafe operation. 

The operating windows of design and operating conditions leading to optimal operation is 

still an open question. Our first goal is to determine this using several limiting models 

that provide analytical predictions and physical insight into the filtration velocity, 

pressure drop, heat transfer, light-off and regeneration in a DPF. The flow analysis 

enables an efficient optimization of the DPF design and operating conditions that lead to 

a more uniform PM deposition profile and a decrease of the pressure drop. The heat 

transfer, light-off and regeneration analysis enable estimations of the DPF heat-up time, 

the speed and width of the temperature front, the PM light-off temperature and time and 

the peak regeneration temperature. New DPF regeneration procedures are proposed to 

limit the maximum local temperature rise. 

Experience has shown that transient local temperature excursions may destruct the 

DPF either by local melting or by cracking caused by thermal stresses. Circumventing 

these occasional local temperature excursions is still a major technological challenge in 

the design, operation and control of a DPF. Most previous studies of PM depostion and 

temperature excursions in a DPF did not investigate the impact of the inlet cone (diffuser) 

on the deposition rate and the regeneration temperature as well as on the transient inlet 

velocity distribution among the various DPF channels. Our second goal is to obtain this 

missing information through a two-dimensional (2-D) PM deposition and regeneration 

model to enable prediction of its impact and features. 

Experimental and numerical studies of PM regeneration revealed that peak 

temperature attained under periodic PM regeneration with stationary feed is usually not 
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sufficiently high to melt the ceramic filter. The observed DPF damage can be explained 

by formation of high transient temperature excursions following a rapid change in the 

driving mode, such as a rapid drop to idle (DTI).
19-25

 Its impact on the DPF peak 

temperature is rather complicated but similar to the wrong-way behavior observed in 

packed bed reactors.
26-32

 DTI leads to several simultaneous effects including a 

simultaneous rapid decrease of the exhaust gas temperature and flow rate and an increase 

of the oxygen concentration. Large difference in the heat capacitance between the gas and 

solid filter causes the temperature wave to propagate much slower than the reactant 

concentration wave, which leads to a counter-intuitive excessive temperature rise in the 

reactor. The impact of DTI on the peak regeneration temperature through simulations of 

the 1-D and 2-D DPF regeneration models is studied and suggestions on how to limit the 

peak temperature rise following a DTI are provided. 

This dissertation is organized as follows: 

Chapter 2 describes the mathematic models. First, the 1-D two-channel DPF 

regeneration model (both dimensional and dimensionless) is introduced. Then, the 

transient PM deposition model is described. A 2-D PM deposition and regeneration 

model including the inlet cone effect is developed based on the one dimensional model. 

Models are validated with experimental results. 

Chapter 3 presents the derivations of the explicit analytical expressions predicting 

the velocity distribution, pressure drop across the DPF and transient heating of a cold 

DPF by hot exhaust gas. These numerically validated analytical expressions are then used 
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to optimize the hydraulics and heat-transfer in a DPF under the whole spectrum of the 

designs and operating conditions. 

Chapter 4 uses limiting models (homogeneous and heterogeneous) to derive 

explicit criteria predicting the ignition temperature and time for either upstream, middle 

or downstream light-off. The criteria are applied to design a two-stage PM regeneration 

process with a low peak regeneration temperature, a high level of combustion of the 

accumulated PM and low fuel consumption. 

Chapter 5 first presents the simple criteria that are developed for predicting the 

peak temperature of two limiting regeneration modes, transverse and axial regeneration 

mode. The predictions of the behavior of the two limiting models provide useful guidance 

and bounds on any DPF design and operating conditions which will lower the peak 

regeneration temperature. The guidance is then numerically confirmed following both 

stationary inlet conditions and transient sudden drop to idle (DTI) driving conditions.  

Chapter 6 reports the impact of the inlet cone on the transient inlet velocity 

distribution, PM deposition rate and regeneration temperature rise among the various 

DPF channels under stationary inlet conditions. Chapter 7 reports the impact of the inlet 

cone on the transient inlet velocity distribution and temperature rise during DPF 

regeneration following DTI.  

The main conclusions of this work are described in Chapter 8. Some 

recommendations for future research are listed as well. 
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Chapter 2 Mathematical Models 

For more than two decades, many researchers have continuously developed and 

improved mathematical models of DPF. These models enable us to understand and 

predict the behavior of the DPF. One effort focused on modeling of the DPF regeneration 

process. Bissett and Shadman’s model
33

, who neglected the temperature and species 

variations in the axial direction, initialized the DPF regeneration modeling. Following 

this initial work, Bissett
34

 developed a 1-D two-channel model, which is the basis on 

which most current DPF models are based. Konstandopoulos et al.
35

 extended Bissett’s 

model to a two layer model that accounts for the incomplete contact between the 

particulate layer and the catalyst coating. Haralampous and Koltsakis
19,36

 studied the 

impact of oxygen diffusion and NO2 back-diffusion on DPF regeneration. Various 

multichannel models have been developed. Miyairi et al.
37

 used a two dimensional model 

to study the impact of the DPF structure and material properties on the regeneration 

temperature and thermal stress. Konstandopoulos et al.
38

 used multichannel DPF 

regeneration simulations to study the impact of the PM loading and impregnated catalyst 

non-uniformities on the highest regeneration temperature and efficiency. This was 

followed by a study of the impacts of DPF heat losses, local hot spots and of nonuniform 

inlet velocity on the regeneration efficiency.
39

 Koltsakis et al. used both 2-D
40

 and 3-D
41

 

regeneration models to study the dependence of the highest regeneration temperature on 

nonuniform PM deposition and the adhesive cement layers inside a SiC filter. Catalytic 

DPFs have recently been developed, which simultaneously remove the PM and oxidize 

emitted organic compounds.
42-45

 Also, DPF impregnated with selective catalytic 
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reduction (SCR) catalysts for simultaneous NOx and PM reduction are under intense 

development.
46-49

  

Another research effort focused on modeling the PM deposition process. The first 

application and validation of the filtration theory for wall-flow DPF was done by 

Konstandopoulos and Johnson
50

 using the “unit collector” concept. Their model takes 

into account the Brownian diffusion and inertial interception mechanisms and assumes 

the collectors are spherical. In addition to the two filtration mechanisms above, Opris and 

Johnson’s filtration model
13

 takes into account the flow-line interception. However, it 

was pointed out that flow-line interception is relatively unimportant. It is included only 

for purpose of complete description of the overall filtration mechanism. Cylindrical unit 

collectors are assumed. Both models apply for transient filtration process and are able to 

calculate filtration efficiencies for particles of different sizes. The 1-D and 2-D deposition 

and regeneration models used in this work are presented below.  

2.1 1-D Two-Channel Regeneration Model 

A schematic of a pair of inlet-outlet channels is shown in Figure 2.1. This model 

describes 1/4 of the gas flow in the inlet and outlet channels and the solid filter wall and 

PM layer sandwiched between them. The 1-D two-phase two-channel model is based on 

the following simplifying assumptions: (i) heat conduction and diffusion are negligible in 

the gas phase, (ii) the flow in the channels is laminar and entrance and exit effects can be 

neglected, (iii) the pressure drop in both the inlet and outlet channels is small so that 

corresponding variations in the concentration may be neglected, (iv) the variation of the  

inlet channel cross section is ignored due to the small thickness of the soot layer, (v) the 
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gas velocity and temperature are described by a quasi-steady state model since the gas 

time constant is very small. These assumptions significantly decrease the computational 

effort and enable deriving simple analytical predictions. However, they are valid only in 

certain ranges of operating conditions. Koltsakis et al.
51

 summarized the various 

assumptions and the impact of each modification. Using the above assumptions, the 

continuity, momentum and energy balances of the exhaust gas in the inlet (i=1) and outlet 

(i=2) channels are 
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Figure 2.1: Schematic of a pair of inlet-outlet DPF channels and its computational 

domain (a quarter of the cross section of inlet/outlet channel). 
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The pressure drop across the PM layer and filter wall is predicted by the Darcy’s Law:  

                    
 

  
    

 

  
                                       

The adjusted friction factor on the right hand side of the momentum balance Eqn. (  2) 

equals twice the standard friction factor multiplied by the Reynolds number ( ̂      ). 

For fully developed flow in a square channel, the constant asymptotic value of  ̂=28.46 is 

used.
34,52

 The exhaust gas density in the channels and inside the wall is calculated by the 

ideal gas law under atmospheric pressure since the pressure change is comparatively 

small. Bissett and Shadman
33

 showed that the length scale over which the gas 

temperature reached the solid temperature was several orders of magnitude smaller than 

the typical PM layer thickness. Therefore, equal gas and solid temperatures in the PM and 

filter wall layer are assumed. The transient solid phase energy balance is   
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It is assumed that the PM regeneration proceeds by the overall reaction:  
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where α is an oxidation reaction index. α = 0.85 is used, which is within the range of 

reported values
40

. The corresponding reaction heat is  

                
                                                            

The oxygen flowing through the PM layer is consumed by a first-order reaction: 

   
         

   

   

                                                                 

           ( 
 

    
)                                                        

where E is the apparent activation energy and Ao a pre-exponential factor. The 

experimental values reported by Yezerets et al.
53

 are used. It is assumed that the oxygen 

concentration and gas velocity are high enough so that the small variation of the oxygen 

concentration along the DPF can be neglected.
34

 Under this assumption, Bissett
34

 showed 

that the oxygen concentration (mass fraction) at each axial position after passing through 

the filter wall is 
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)                                                  

Using Eqn. (2.7) to relate the oxygen consumption to the carbon depletion, the transient 

local PM layer thickness satisfies the relation:   
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The boundary and initial conditions are 
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Eqns. (2.1) - (2.5) are solved numerically using a shooting method and Runge-Kutta 

integration method to obtain the velocity, pressure and gas temperature fields in the filter. 

An explicit finite difference method is applied to solve the transient energy balance Eqn. 

(2.6). In order to obtain good convergence and model accuracy, 101 grid points in the 

axial direction for a DPF of 152 mm length and a time step of 0.1s are used.   

Dimensionless analytical criteria enable efficient DPF optimizations. Assuming 

constant gas and solid properties simplify the analysis. Therefore, gas density in the inlet 

and outlet channels and the solid wall are assumed to be the same (        ). 

Dimensionless variables and parameters are defined as follows: 
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   is the dimensionless filtration velocity through the filter wall and    is the average 

dimensional filtration velocity.  ̂,  ̂ and   are the dimensionless PM thickness, oxygen 

concentration and time, respectively. The reference PM thickness,   ̅̅̅̅ , is the average 

thickness of the initial PM deposit:   ̅̅̅̅  ∫        
 

 
. The dimensionless pressure in the 

inlet (outlet) channel and the pressure drop across the filter wall are  ̂    ̂     ̂ , 

respectively. The flow and pressure distributions inside the DPF are determined by three 

dimensionless groups:        ) is the ratio of the pressure drop of flow through the filter 

wall to that by the channel friction (PM layer / filter wall resistance) and    is the ratio of 

inlet dynamic pressure drop to the pressure drop caused by the channel friction.   is the 

dimensionless temperature. The axial heat Peclet number (   ), is the ratio of the heat 

transported by convection to that by conduction in the wall. It usually has a large value 

for a cordierite DPF (        ). The local or transverse heat Peclet number (P), is the 
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ratio between the interphase (gas to solid) heat transfer time and the residence time. 

When P is large, the interphase temperature gradient is significant while for    , the 

temperature difference between the gas and solid vanishes. β is the ratio of moles of 

oxygen in the feed to the initial PM deposit in the channel. When β is large (small), the 

reaction is limited by the PM (oxygen). [Note that when   is very small, the oxygen 

depletion in the axial direction and axial and radial diffusion has to be taken into account. 

These effects are not included in our model. A DPF model accounting for the diffusion 

limitation was presented by Haralampous and Koltsakis
19

.] Other important parameters 

are: the dimensionless adiabatic temperature rise (B) when the PM oxidation reaction is 

oxygen limited, the dimensionless activation energy (γ), the solid conductivity ratio   ), 

the Damköhler number (Da), the Nusselt number (   ) and the heat capacitance ratio (σ).  

Both the speed of the temperature front and peak regeneration temperature decrease with 

increasing σ. The heat transfer coefficient changes in the channel entry region. A constant 

asymptotic value corresponding to fully developed flow in a square channel is used. 

Gundlapally and Balakotaiah
52

 proposed simple and accurate correlations for estimating 

    for fully developed as well as developing flows in an arbitrary geometry.  

Using these dimensionless variables and parameters, the dimensionless model 

equations are listed below. 

Continuity equations:  
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Momentum balances:  
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Pressure drop through the filter wall: 

  ̂            ̂                                                            

Gas phase energy balances: 

  

   

  
 

   

 
                                                                 

  

   

  
  

   

 
                                                              

PM balance: 
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Solid phase energy balance: 
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The corresponding boundary and initial conditions are  

                                                                       

                                 
        

  
                            

             ̂       
    

     
   

        

  
                                      

                 ̂       ̂                                              

The dimensionless 1-D two-channel model is used to analyze the DPF hydraulic and heat 

transfer characteristics in Chapter 3, the ignition temperature and time in Chapter 4 and 

the peak regeneration temperatures in Chapter 5.    

2.2 1-D PM Deposition Model 

The 1-D PM deposition model is introduced and validated by Konstandopoulos et 

al.
12

 It is characterized by a transition from deep bed filtration to cake filtration. We 

describe the filter wall in the 1-D computational domain (Figure 2.1) by N axial sections. 

A typical filtration in the j-th wall section is described in Figure 2.2. The PM approaching 

the DPF wall, shown as       , is separated into two parts. Part of it, denoted as        , 

deposits on top of the filter wall while the rest enters the filter. Most of the PM that enters 

the filter wall is captured by the porous filter wall denoted as         . Only a very small 

fraction of it,        , flows through the wall into the exit channel. 
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It has been shown that during PM deposition the transient fractions of        , 

         and         can be calculated by the “unit collector” theory
12,13,50

. A spherical 

unit collector theory can adequately describe the filtration process in extruded filters, 

while a cylindrical unit collector theory is suitable for fiber and foamy filter.
12

 Therefore, 

for the cordierite DPF filtration process, the spherical unit collector theory is applied. The 

spherical unit collector model describes the porous DPF wall as consisting of a number of 

identical spherical cells, whose diameter is denoted as b shown in Figure 2.3. The 

numbers of spherical cell are determined by dividing the volume of the DPF wall by the 

volume of each spherical cell. Each cell initially hosts a unit collector with size     

(Figure 2.3a). Its diameter increases as the PM deposits inside the filter wall, until its 

maximum value, φb, is reached, as shown in Figure 2.3c. The dimensionless percolation 

factor, , is a constant and usually determined experimentally. 

Figure 2.2:  Schematic of PM deposition on, in and through j-th wall section. 
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Figure 2.3: Spherical unit collector model for the DPF wall: (a) clean spherical unit cell, 

(b) partially loaded unit cell, (c) completely loaded unit cell. 

 

 

 

 

The diameter of initial unit collector,    , and spherical cell, b, can be calculated 

by the following equations: 

    
 

 

      

  
                                                        

   
   

√      
 

 
 

 

      

  √      
 

                                       

where    and         are the clean filter porosity and mean pore diameter, respectively. 

The clean filter wall permeability can be predicted by Ergun’s equation
10

 with clean filter 

porosity and mean pore diameter:    
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A partition coefficient   defined by Eqn. (2.34) determines the fraction of PM 

that deposits on top of the filter: 

  
    

       
 

            
                                                      

                                                                    

Clearly,   increases from 0 to 1 as the unit collector diameter,   , increases from     to 

  , meaning the PM initially all enters the wall, then gradually all deposits on top of the 

filter.    

The PM fraction entering the filter,       –        , is separated into two parts: 

         and        . They are calculated by following equations: 

                                                                     

                                                                   

where    is the transient local wall filtration efficiency. It is calculated by 

         [ 
              

      
]                                    

where    is the filter wall thickness. The combined collection efficiency for a unit 

collector,    , is defined as  

                                                               



29 
 

where    and    are the Brownian diffusion collector efficiency and inertial interception 

collector efficiency, respectively. Eqn. (2.39) takes into account the interaction between 

these two filtration mechanisms and assumes that they occur in series. The average PM 

particle size in the exhaust is normally smaller than 500 nm, so the flow-line interception 

impaction can be neglected.  

The Brownian diffusion collector efficiency for a single collector is  

                                                                  

where the Peclet number, Pe, and the geometric function for the Kuwabara “unit cell”, 

  ε , are defined as
12

 

   
     

  
                                                           

     [
 

    
 
 

         
 
 

      
]

   

                        

   is the “interstitial” or “pore” velocity related to the filtration velocity    by 

   
  

 
                                                              

and the Brownian diffusion coefficient is 
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where    is the Boltzman’s constant,    is the solid temperature,    is the particle 

diameter, µ is the exhaust gas dynamic viscosity and SCF is the Stokes-Cunningham slip 

correction factor, which is given by 

                                                        

The Kundsen Number,   , is defind as 

   
  

     
                                                              

and the exhaust gas mean free path as 

   √
   

     
                                                            

  is the kinematic viscosity,    is the molecular weight of the exhaust gas, 

   is the gas constant and    is the solid temperature. 

The direct interception collector efficiency is given by 

   
 

 
 

  
 

      
    
  

                                                      

where the interception parameter,   , is defined as 
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At each time step, for the amount of PM approaching the filter wall at j-th section, 

      , the amount of PM deposited on top of the filter wall,        , the PM deposited 

inside the filter wall,         , and the amount of PM that flows through the filter wall, 

       , can be predicted using the above spherical unit collector filtration model. 

        is used to modify the local PM thickness on top of the filter: 

     

  
 

       

                   
                                    

where   is the PM thickness,    is the particulate layer density,   is the DPF axial 

direction and   is the DPF channel hydraulic diameter. 

         is used to modify the local unit collector diameter,   : 

 [
  
 (

  

 )
 

]

  
 

        

    
                                               

where      is the PM packing density inside the filter wall. The changes of the local filter 

wall porosity,   , and permeability,   , correspond to the change in the unit collector 

diameter. They are expressed as follows: 
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Due to the change of the local filter wall parameters and PM layer thickness, the 

filtration is a dynamic process. In the simulation, the filter wall parameters and PM 

thickness at each axial position were updated after each time step. When the PM loading 

capacity limit is reached, regeneration needs to occur.  

2.3 2-D Axisymmetric PM Deposition and Regeneration Model 

Most DPF models assume that the feed velocity in all the inlet channels is 

uniform or just affected by the temperature (physical properties) difference among the 

channels. When a wide-angled cone (diffuser) connects the upstream exhaust pipe to the 

DPF as shown in Figure 2.4, the feed is mal-distributed among the various inlet channels. 

This leads to variations in the deposition and regeneration among the channels, which, in 

turn, affects the velocity. The turbulent flow inside the diffuser changes to laminar as it 

flows through DPF channels with small hydraulic diameter. The PM deposition and 

Figure 2.4: Schematic of a DPF with a diffuser and nozzle.        
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regeneration occur inside the filter. The governing flow equations in the diffuser differ 

from the ones in the DPF. We introduce below our 2-D axisymmetric model used to 

simulate the flow, PM deposition and regeneration in a cylindrical DPF fed by a wide-

angled cone.  

2.3.1 Flow inside the Inlet Cone 

Standard k-ε model54-56 was used to calculate the incompressible turbulent flow 

inside the cone. The governing mass and momentum conservation equations are  

   ⃗⃗                                                                        

   ⃗⃗    ⃗⃗     ⃗                                                            

where  ⃗⃗  is the local (time-averaged) velocity vector,    and  ⃗  are the local (time-

averaged) fluid density and pressure, and τ’ the shear stress tensor accounting for both the 

viscous and turbulent contributions:  

       ⃗⃗                                                                  ) 

                                                                       

Here    is the effective viscosity, µ, the intrinsic flow viscosity and   , the turbulent eddy 

viscosity. According to the k-ε model:  
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where k’ is the turbulent kinetic energy and    is the turbulent dissipation. The turbulent 

kinetic energy and dissipation are predicted by the equations:  

      ⃗⃗       (
  

   
   )                                                 

  (   ⃗⃗   )    (
  

   
   )  

  

  
                                              

where     is the generation term for k’,  

         ⃗⃗                                                                 

We use the commonly-reported values for the dimensionless k-ε model parameters
54-56

:  

                                                                     

Above turbulent flow model is solved with COMSOL 3.5a. The properties of the 

fully developed turbulent flow in the circular pipe specify the velocity profile at the cone 

inlet. Besides, the turbulent intensity and dissipation length scale at the inlet as well as 

the inlet temperature are defined. According to the guidelines for specifying these two 

numbers, 5% is used for the intensity and 0.0035 for the dissipation length scale.
55

 A 

logarithmic wall function is used as the cone wall boundary condition, which is a 

standard option in COMSOL. The DPF channel inlet pressures are used as the cone outlet 

conditions. Unstructured mesh is applied, the number of which depends on the shape of 

the cone and predefined mesh parameters. Additional edge mesh is placed near the cone 

boundaries to better capture the turbulent flow features near the wall. The axisymmetric 

model calculates the behavior on one radius of the circular cone. The flow at the exit of 
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the cone (DPF front face) cannot enter into the areas occupied by the exit channels and 

the DPF walls. The flow that hits a solid area flows radially and enters into the adjacent 

inlet channels.  

Values of the following three parameters need to be adjusted for specific 

application: the turbulent intensity and the dissipation length scale at the inlet and the 

distance from the wall in the logarithmic wall function. We checked the sensitivity of the 

DPF inlet velocity to a  10% change in the value of each of these parameters. The 10% 

perturbations in the value of the inlet turbulent intensity, of the inlet dissipation length 

scale and of the distance from the wall in the logarithmic wall function changed the peak 

DPF inlet velocity by less than  0.04%,  0.04%, and  0.7%, respectively. These 

calculations showed that the velocity distributions are insensitive to changes in the values 

of these three parameters, which implies that the peak regeneration temperatures are 

insensitive to the values of these turbulent model parameters. 

2.3.2 Flow inside the DPF 

The axisymmetric model assumes that same flow exists in all the channels at a 

given radial position, i.e. no azimuthal dependence exists. Figure 2.5 shows a schematic 

of the 2-D DPF computational domain. It is created by putting the 1-D two-channel 

model (Figure 2.1) side by side in the filter radial direction. During the simulation, the 

DPF radius (R) and length (L) are discretized into to n and N sections, respectively. The 

increment of the r direction, dr, is the height of a pair of inlet-outlet channels. 

Simulations of this 2-D model are significantly faster and easier than those of a 3-D one. 

Preliminary simulations revealed that an exit nozzle had only a minor impact on the DPF 

behavior. Thus, to minimize the computational effort, the impact of an exit cone was not 
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accounted for, i.e. we assumed that the exit pressure of all the channels was one 

atmosphere. 

 

 

Figure 2.5: A schematic of 2-D DPF computational domain. 
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The first step in the numerical simulation was calculating the flow in each channel. 

The flow in a channel is laminar due to its small hydraulic diameter. The impact of the 

channel entrance and exit effects was ignored. The procedure consisted of repeated 

iterative steps. Initially, the inlet pressures to all the channels are assumed to be one 

atmosphere (    
   = 1atm), where i=1 and n are the inlet channels at the DPF center and the 

one adjacent to the wall, respectively. Using these as boundary condition at the diffuser 

outlet and the pre-calculated fully developed velocity profile as the diffuser inlet 

boundary condition, the temporal velocity and pressure field inside the diffuser and the 

velocity to DPF inlet channels located at different radial position (      
 ) can be computed 

by COMSOL 3.5a standard k-ε model as described in the previous section. Knowing 

      
  and     

 , the velocity and pressure filed inside each pair of inlet-outlet channels 

along the radius can be calculated independently by the 1-D two-channel model. Using 

the i-th channel outlet pressure,     
 , the inlet pressure profile was iterated and the 

calculations were repeated until the outlet pressure of all the channels were equal to one 

atmosphere. At the j-th iteration, the inlet pressure at each i-th inlet channel is     
 

. The 

(j+1)-th inlet vector (    
   

   is updated from     
 

 according to the modified Newton’s 

method by the relation:  

    
   

     
 

                
 

                                        

Experience showed that convergence occurred within 10 iterations.  

After determining the flow distribution in each channel, the changes in the PM 

and temperature profile in the filter under a time step are calculated. The relative flow 
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resistance among the various channels changes during the non-uniform PM deposition 

and regeneration. This requires repeated iterative adjustments of the inlet velocity at all 

the radial positions after each time step.  

2.3.3 PM Deposition and DPF Regeneration  

A detailed model of the PM deposition and regeneration in a pair of inlet-outlet 

channels is presented in Section 2.2 and 2.1, respectively. The 1-D model is used to 

predict for each set of inlet-outlet channels along the radial direction the PM deposition 

and regeneration based on its transient inlet flow. The procedure that was developed for a 

constant inlet velocity to each channel, was modified to one in which the total flow rate 

to the cone was specified, using the iterative calculations of the channel inlet pressure 

described in section 2.3.2. These pressure calculations were transiently adjusted as the 

non-uniform PM deposition and regeneration changed the relative resistance to flow 

among the channels. 

The filter is treated as a continuum during the regeneration. The transient 2-D 

solid energy balance accounts for the axial and radial heat conduction, the heat 

convection in the channels, the heat convection by flow through the filter wall and the 

heat generated by the exothermic PM oxidation. Specifically,  
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The boundary conditions of the radial heat conduction are 

  

   

  
                                                                  

   

  
                                                                   

Initial and additional boundary conditions are same as shown in Eqns. (2.13) – (2.16). 

The 2-D model is solved using explicit finite difference/volume method, method of lines 

and Runge-Kutta method. The iterative procedure described above (Eqn. (2.63)) was 

periodically used to adjust the inlet velocity (    
 

) and pressure (    
 
  of each inlet channel 

i, as these are affected by the relative flow resistances in the various channels. All gas and 

solid properties are calculated as functions of the local temperature. The effective radial 

heat conductivity depends on the heat conductivity of the filter wall, PM layer and gas in 

the channels and the fraction of the volume that each occupies:  

   
  

    
   

  

    
   

    

    
                                        

The effective wall heat transfer coefficient accounts for the heat loss by a conduction 

through the insulation and the convective heat loss to the ambient by a wall heat transfer 

coefficient:   
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     ⁄          ⁄
                                                 

2.4 Drop to Idle  

Transient temperature excursions occur during DPF regeneration following a 

rapid change in the driving mode, such as a rapid drop to idle (DTI), can be sufficiently 

high to explain the observed damage of the DPFs
19-25

. DTI leads to a simultaneous rapid 

decrease of the exhaust gas temperature and flow rate and an increase of the oxygen 

concentration. To simulate it, the feed conditions (   ,    ,      ) were step changed from 

the initial values (    ,     ,    (0)) to new ones (    ,     ,    (D)) at time    

during the regeneration (after the PM was ignited and a propagating temperature wave 

formed inside the filter). The corresponding inlet conditions are 

                                                               

                                                               

                                                               

2.5 Model Validations 

Predictions of the transient 1-D PM deposition model was validated with 

experimental results by Murtagh et al.
57

 A Corning EX-80 filter with dimensions of 

10.5” 12”, cell density of 100 cpsi and wall thickness of 0.017 inch is used to generate 

the experimental results shown in Figure 2.6. The filter is connected to the heavy duty 

diesel engine exhaust at a flow rate of 0.236 Nm
3
/s and temperature of 533.15K (260 

0
C). 
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Same as used in the experiments
57

, a particulate mass flow of 18gr/hr was used in 

simulations. Table 2.1 lists the micro-structural characteristic properties of the filter and 

PM deposit used in simulation. Its initial pore diameter and porosity are 12.5 µm and 

48%, respectively. As Figure 2.6 shows, the 1-D filtration model adequately predicts the 

experimental results (triangles in Figure 2.6) under both depth and cake filtration stages.  

Table 2.1 Micro-structural properties of Corning EX-80 filter used in simulations 

Pore Diameter 12.5 µm 

porosity 48% 

Clean wall permeability 2.65×10
-13

 m
2
 

Soot packing density of particulate layer 91 kg/m
3
 

Particulate layer permeability 2.2×10
-14

 m
2
 

Soot packing density inside wall 8.26 kg/m
3
 

Percolation factor 0.8651 

Initial unit collector diameter 20.313 µm 

Figure 2.6: Comparison of transient filtration model pressure drop prediction against 

experiments
57

 for a Corning EX-80 filter. 
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To check the validity of the predictions of the 2-D PM deposition model, its 

simulation results were compared with the only available experimental results reported 

by Bensaid et al.
58

 of 24 hours PM deposition in a 4 cm diameter and 177 mm long 

laboratory DPF (300 cpsi and average porosity of 43%) by a feed of 46 L/min containing 

1.8×10
-3

 mg PM/L. Their filter setup is shown in Figure 2.7. The deposited PM layer 

thickness was non-uniform as shown by the diamond marks in Figure 2.8. The thickest 

PM layer formed in the center of the DPF. Bensaid et al.
58

 concluded that the variations 

in inlet velocity to the various channels, led to the PM mal-distribution. Unfortunately, 

the experimental data were affected by measurement scatter and the reported profile is 

not axi-symmetric even though the flow was axi-symmetric. It was estimated that the 

scatter in the measured values was about 10%.   

 

 

 
Figure 2.7: Sketch of the filter setup from Bensaid et al.

58
 

 

 

The numerical simulations require knowledge of the PM packing density and 

permeability and the dependence of the filter permeability upon PM deposition in the 

pores. Based on reported PM deposition in commercial DPFs, the PM permeability was 
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assumed to be 1×10
-14

 m
2
. The Ergun’s equation reported as Eqn. (2.33) was used to 

predict the permeability of the silicon carbide filter used by Bensaid et al.
58

 The reported 

clean filter porosity was 43% and the mean pore diameter 22µm
58, 59

. Thus, Ks0=7.9×10
-13

 

m
2
. The PM deposition model (Section 2.2) predicted that following PM deposition the 

silicon carbide filter permeability decreased from 7.9×10
-13

 m
2
 to 3.9×10

-13
 m

2
. The

 
PM 

density value was adjusted so that the model predicted the height of PM deposit at the 

central inlet channel of the DPF (channel #4 in Figure 2.8).  

 

 

Figure 2.8: Comparison of experimental PM thickness determined by Bensaid et al.
58

 

with values predicted by the simulations. 

 



44 
 

A rather close agreement exists between the predicted and observed deposit 

thickness in channels #2, 6 and 7. A small deviation exists between the predicted and 

experimental data in the two symmetric feed channels #3 and 5. The deviations must be 

due to the experimental scatter of the deposit thickness from one point to the next. The 

main goal of this study was to determine the dependence of the regeneration temperature 

on various operating conditions. Simulations showed that for a fixed amount of PM 

deposit this temperature was very insensitive to the parameters characterizing the 

filtration. For example a 10% change in either the PM density or permeability led to less 

than 1% change in the maximum regeneration temperature. Based on the reasonable fit of 

the data in Figure 2.8, it is concluded that the model provides an adequate fit of the PM 

deposition in a DPF which is fed by a cone and of the impact of the cone on the DPF 

operation. 

No experimental result is available to validate our 2-D DPF regeneration model 

with the inlet cone effect. Since the inlet cone effect on the radial flow distribution has 

been validated in the 2-D PM deposition model, the 2-D DPF regeneration model without 

the inlet cone effect is validated by comparing it with the experiments and simulations 

performed by Koltsakis et al.
40

 The cordierite DPF had a dimension of 152mm×144mm, 

cell density of 300cpsi and filter wall thickness of 0.012 inch. It was initially loaded with 

20grams of soot. During regeneration, the DPF was exposed to the exhaust of an engine 

switching between full speed and idle, which is the DTI inlet conditions discussed in 

Section 2.4. Such a transient regeneration condition can provide us a critical test of the 

model. Figure 2.9 shows the transient inlet exhaust gas properties. 
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Figure 2.9: Drop to idle transient inlet exhaust gas properties.
40

 

 

The transient temperature profiles at various positions inside the filter from the 2-

D regeneration model are compared with those from experiments and simulations by 

Koltsakis et al.
40

 in Figure 2.10 and 2.11. Figure 2.10 shows the temperature evolution at 

different axial locations in the center channel (A, B and C in Figure 2.10), while Figure 

2.11 shows the temperature evolution at different radial locations at the filter exit (A, D 

and G in Figure 2.11). The model predicts rather closely the transient temperature 

features at both radial and axial direction during regeneration. The regeneration time is 

also in good agreement. Therefore, the 2-D regeneration model is considered to be 

validated and suitable to simulate transient inlet conditions.  
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Figure 2.10: Transient temperature at different axial locations in the center channel: (a) 

experimental (circular dots) and simulation (solid lines) results from Koltsakis et al.
40

 and 

(b) simulation results of current model. 

 

 
Figure 2.11: Transient temperature at different radial locations at filter exit: (a) 

experimental (circular dots) and simulation (solid lines) results from Koltsakis et al.
40

 and 

(b) simulation results of current model. 



47 
 

Chapter 3 Analysis of Flow Distribution and 

Heat Transfer 

3.1 Introduction 

Limiting models of flow distribution and heat transfer in the DPF enables getting 

analytical predictions and physical insight on the filtration velocity, pressure drop and heat 

transfer in a DPF. They enable efficient optimizations of the operating windows of design 

and operating conditions. The flow analysis enables an efficient optimization of the DPF 

design and operating conditions that lead to a more uniform PM deposition profile and a 

decrease of the pressure drop. The heat transfer analysis enables estimation of the DPF 

heat-up time and speed and width of the temperature front. The heat transfer analysis will 

be utilized in the following chapters to minimize the PM light-off temperature and time, 

predict temperature excursions during regeneration and suggest improved DPF 

regeneration procedures.  

This chapter is organized as follows: various limiting models are used in section 3.2 

to predict the filtration velocity distribution and pressure drop across the DPF. The transient 

heating of a cold DPF by hot exhaust gas and the corresponding heat transfer characteristics 

of the DPF are described in section 3.3. The main operation and design recommendations 

are summarized in the last section. All analytical predictions are validated by numerical 

simulations.     
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3.2 Flow distribution inside a pair of inlet-outlet channels  

The two main factors that couple the flow to the heat transfer and chemical 

reaction in a DPF are the physical properties of the gas and the PM profile. Since the 

change in the physical properties is rather weak and slow, it is ignored in the model and 

the analysis. Combining the dimensionless continuity equations and momentum balances 

(Eqns. (2.18)-(2.21)): 

                                                                                

   ̂

  
  

   
 

  
 

   
 

  
                                                          

Substitution of Eqns. (2.18), (2.22) and (3.1) into Eqn. (3.2): 

        ̂    
    

   
      

  ̂

  
     

   

  
                              

                                                                    

The flow distribution is determined by this boundary value problem and the three 

dimensionless groups:   ,    and   . After determining the flow distribution, the 

filtration velocity through the filter wall can be obtained by Eqn. (2.18). Two cases are 

examined: a uniform and a non-uniform PM loading in the channel whose flow resistance 

is comparable or higher than that of the filter wall. 
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3.2.1 Uniform PM layer thickness  

The dependence of flow distribution and pressure drop on the operating 

conditions and DPF design is determined below when the PM layer is uniform.  

3.2.1.1 Filtration velocity  

With a uniform PM deposit,  ̂   =1. Eqn. (3.3) simplifies to  

        
    

   
    

   

  
                                              

Two dimensionless groups in Eqn. (3.5),          and   , control the velocity 

distribution in the inlet channel.          is the ratio of the pressure drop through the 

filter wall and PM layer to that by friction in the channel. A large value of it means the 

flow resistance through the filter wall and PM layer is much larger than through the 

channel and the filtration velocity is expected to be rather uniform.    is defined in Eqn. 

(2.17). As    increases, the filtration velocity becomes less uniform with more flow 

through the DPF downstream. The filtration velocity is obtained by solving Eqn. (3.5) 

and substituting it into Eqn. (2.18). It is 

      
                                                           

          
   

   √   
 

        
    

  

        
                                  

To quantify the variation of the filtration velocity with position, a filtration 

velocity Non-Uniformity Index (NUI) is defined by 
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   [
        ⁄ √      

     √     
]

 
                                            

where xc is the location with the lowest filtration velocity. The filtration velocity across 

the filter wall is uniform when NUI=0. The filtration velocity changes by about 10% 

from the mean value when NUI=0.2. Figure 3.1a shows the dependence of NUI on the 

dimensionless groups:
  

         and   . The dependences of NUI exhibits a 

monotonic but opposite dependence on    and         . It is almost a linear 

increasing function of   . The filtration velocity non-uniformity increases dramatically 

when          becomes very small, i.e. when the flow resistance of the filter wall and 

PM layer is much smaller than friction in the channel. The filtration velocity along the 

dimensionless length of the DPF channel is shown in Figure 3.1b and Figure 3.1c for 

        =0.25 and 2.5, respectively. As predicted by Figure 3.1a, the filtration 

velocity becomes more uniform as          increases (compare Figure 3.1b and 

Figure 3.1c). For a constant value of         , the filtration velocity is less uniform 

for high values of    with more flow passing through the downstream of the DPF  

(compare the dashed line with the solid line in either Figure 3.1b or Figure 3.1c). 

The filtration velocity is considered to be essentially uniform when NUI is smaller 

than 0.4 [This definition is arbitrary and any other value may be used. Setting a 

benchmark helps identify design parameters that lead to low values of NUI and hence 

essentially uniform filtration.]. As Figure 3.1a shows, the non-dimensional group,
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        , should exceed 2 to avoid a non-uniform filtration velocity distribution. Low 

   and high          values lead to a uniform filtration velocity.  

      

 

 

 
Figure 3.1: (a): Dependence of the Non-Uniformity Index (NUI) on dimensionless groups: 

   and          with uniform PM loading. (b) and (c): Filtration velocity across the 

channel length corresponding to NUI shown in Figure 3.1a with          = 0.25 and 

2.5, respectively. A dashed line for   =0.05 and a solid line for 0.3.  



52 
 

When no PM is deposited in the filter, Eqn. (3.6) and Figure 3.1a with   =0 

predict the filtration velocity of a clean DPF. The non-dimensional group, Ʌ1, should 

exceed 2 to avoid non-uniform filtration velocity. In all the calculations and simulations 

presented in this chapter, unless otherwise stated, the operating and design parameter 

values used are same as those reported in Table 3.1 and 3.2. On this set,    is 0.09 and 

         =3.76, which is larger than 2. The corresponding filtration velocity is rather 

uniform and the NUI is 0.09.  

 

Table 3.1 Dimensional parameter values for a typical DPF  

Parameter Numerical value 

    1122 J/(kg∙K) 

    1169 J/(kg∙K) 

    1510 J/(kg∙K) 

E 144.5 kJ/mol 

   1.47×10
4
  m/s 

Kp 1×10
-14

 m
2
 

Ks 1.38×10
-13

 m
2
 

L 0.254 m 

   0.373 mm 

   5.5×10
7
 m

-1
 

   60 µm 

   305 µm (12 mil) 

     873.15 K 

   533.15 K 

    30 m/s 

λg 0.062 W/(m∙K) 

λs 1.5 W/(m∙K) 

λp 0.108 W/(m∙K) 

µ 4.1×10
-5

 Kg/(m∙s) 

ρg 0.4 kg/m
3
 

ρs 1200 kg/m
3
 

ρp 100 kg/m
3
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Table 3.2 Dimensionless parameters for a typical DPF 

Dimensionless parameter Value 

 ̂ 28.46 

    0.9 

P 0.117 

    2697 

α 0.85 

   1.014 

   2.7 

   0.09 

  2605.6 

 

A more uniform filtration velocity is obtained by a decrease of the inlet velocity 

for a given DPF and an increase of the DPF aspect ratio (D/L) under constant total inlet 

flow rate and filter volume. The NUI decreases as the channel hydraulic diameter and 

filter wall thickness increase, and the filter wall and PM layer permeability decrease. We 

calculated the NUI for the two cell densities of 200/12mil (           ) and 

300/12mil (        ) with no PM loading at constant DPF volume and flow rate. 

The NUI is 0.32 for a cell density of 200/12mil. This filtration velocity is more uniform 

than that for a cell density of 300/12mil for which NUI=0.54. The values of both 

          decrease as the cell density increases. Eqns. (3.6) and (3.7) enable predicting 

which cell structure leads to a more uniform flow distribution.  

3.2.1.2 Pressure drop  

The dimensionless pressure drop across a DPF with a uniform PM loading is 
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  ̂       ̂    ̂       
                         

           
 

 
                                 

          
               

The parameters         are defined by Eqn. (3.6). The pressure drop calculated by Eqn. 

(3.8) does not take into account the pressure loss caused by the contraction and expansion 

of the flow at the entrance and exit of the channel, which are reported by Haralampous et 

al.
60

 and Hashimoto et al.
61

 The dimensionless pressure drop decreases as    increases 

and          decreases. In contrast to the NUI,   ̂      increases almost linearly with 

        . This means that the pressure drop can be decreased by decreasing the PM 

layer and filter wall thickness, and/or increasing the PM layer and filter wall permeability. 

Figure 3.2 shows the pressure drop dependence in a clean DPF on several 

operating and geometrical parameters. Figure 3.2a shows that the pressure drop increases 

almost linearly with the inlet velocity. Figure 3.2b shows that at a constant inlet velocity 

the pressure drop attains a local minimum as L increases. Most of the pressure drop for a 

short DPF is due to the filter resistance because of high filtration velocity through the 

wall. As the DPF length increases, the filtration velocity decreases and hence the 

filtration pressure drops. For sufficiently long channels, the flow friction becomes larger 

than the filtration pressure drop and this generates a shallow minimum in the pressure 

drop at an intermediate length. Figure 3.2c and 3.2d show that the dimensional pressure 

drop under a constant total inlet gas volumetric flow rate and DPF volume decreases by 

increasing the DPF aspect ratio (D/L), and/or increasing the channel hydraulic diameter, 
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both of which decrease the inlet dynamic pressure drop and the pressure drop caused by 

channel friction in each pair of inlet and out channels. 

 

 
Figure 3.2: Dependence of dimensional pressure drop on DPF properties and operating 

conditions: (a) inlet velocity, (b) DPF length under constant inlet flow rate, (c) channel 

hydraulic radius and (d) length under constant inlet flow rate and DPF volume. 
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Changing the cell density changes several design parameters simultaneously. The 

impact of cell density can be exploited to decrease the pressure drop according to Eqn. 

(3.8). For example, using the parameters listed in Table 3.1, the pressure drop of 6.71kPa 

for a clean DPF with 200cpsi (200/12mil) is lower than the 7.56kPa for the DPF with 

300cpsi (300/12mil).  

The analysis predicts that a more uniform filtration velocity and lower pressure 

drop can be obtained by either decreasing the exhaust gas flow rate, increasing the DPF 

aspect ratio (D/L) under constant inlet flow rate and DPF volume, or by increasing the 

channel hydraulic diameter. The PM layer and filter wall thickness and their permeability 

have opposite effects on the filtration velocity non-uniformity and pressure drop. 

Increasing the PM layer and filter wall thickness and/or decreasing their permeability 

decrease the NUI but increase the pressure drop.    

3.2.2 Non-uniform PM layer thickness  

The local filtration velocity is low where the PM thickness is high. The impact of 

PM thickness profiles on the filtration velocity is examined. When         ̂     is 

very large, the term           ⁄         can be deleted from Eqn. (3.3), which 

simplifies to  

 

  
{    ̂         }                                                  

Eqn. (3.9) has to satisfy the condition that the integral of the dimensionless filtration 

velocity across the filter wall is equal to 1. Thus, the solution of Eqn. (3.9) is  
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It follows that the filtration velocity increases where the PM thickness decreases. When 

    ,    
   ̂   

∫     ̂      
 

 

. These predictions of the filtration velocities for several PM 

profiles are compared with numerical simulations of the full model. First, consider the 

non-uniform PM profile: 

 ̂    {
     ⁄                   

    ⁄                                 
                          

shown in Figure 3.3a. The reference PM thickness,   ̅̅̅̅ , is 47.5 µm. Eqn. (3.10) predicts 

the following filtration velocity distribution: 
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The PM thickness is uniform between x=0.5 to 1, and so is the predicted filtration 

velocity. Figure 3.3a compares the predicted filtration velocity profiles by the limiting 

model (solid lines) with numerical simulations of the full model (dashed lines) for two 

cases:         (black) and      (red). Higher    corresponds to higher PM layer 
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resistance. The agreement between the prediction of the limiting model and the 

simulation becomes closer as    increases. For        , the agreement is still very 

good but a slight difference between the two exists near the DPF upstream and 

downstream caused by the use of a simplified limiting model. Next consider a partially 

empty PM profile (shown in Figure 3.3b): 

 ̂    {

                                       
                            
                                  

                           

Figure 3.3: Comparison of filtration velocity profiles predicted by the limiting model 

(solid lines) with that by numerical simulations (dashed lines) for two types of PM 

profiles: (a) dimensionless PM profile described by Eqn. (3.11) and (b) by Eqn. (3.13). 
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The reference PM thickness is 36 µm and the filtration velocity predicted by Eqn. (3.10) 

is 
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Figure 3.3b shows that a close agreement exists between the limiting model prediction 

and the numerically computed filtration velocity for both         (black) and      

(red). 

3.3 Heat transfer characteristics of a DPF 

The volume of a DPF is usually determined by the volumetric flow rate of the 

exhaust gas. When no chemical reaction occurs in the DPF the heat transfer strongly 

affects the time needed to heat up a cold DPF by a hot gas, the traveling speed of the 

temperature wave and the temperature front width. Analytical predictions of the impact 

of the DPF aspect ratio (D/L), channel hydraulic diameter and cell density and operating 

conditions on the heat transfer behavioral features for the two limiting cases of large and 

small effective heat Peclet number (     ) are derived below.  

3.3.1 Monolith with          

Because of the similarities between a DPF and a monolith reactor, the heat 

transport characteristics of a monolith are reviewed first. The behavior of the traveling 
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thermal front in a monolith of the limiting model with         has been reported by 

Ramanathan et al.
62

 and Gundlapally and Balakotaiah
63

. The energy balance of a monolith 

model in the limit of     (or when the difference between solid and fluid temperatures 

is small) is  

     
   

  
 

   

  
 

 

     

    

   
                                                    

Subject to the initial and inlet conditions: 

                                                                             

 

     

        

  
                                                           

The heat transfer characteristics are governed by the heat capacitance ratio (σ) and the 

effective heat Peclet number, i.e. 

 

     
 

 

   
 

 

   
                                                           

Eqn. (3.18) shows that       depends on both the axial heat Peclet number (   ) and the 

transverse heat Peclet number (P). When      , the temperature within the solid is 

uniform, while for      inter-phase gradients are small along most of the length.  

The width of the temperature front may be estimated from the variance of the 

dimensionless residence time distribution. Defining the front width to be one standard 

deviation from either side of the mean, when        , 
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    √
 

     
                                                          

According to Eqn. (3.19), the temperature front covers the entire channel length if        

is smaller than 8. The front may be considered sharp for any          , at which the 

temperature front covers less than 25% of the length. When           the speed of the 

temperature front is  

   
 

   
 

 

 
                                                        

The time for the monolith front to heat up to the inlet gas temperature was estimated by 

Gundlapally and Balakotaiah
63 

to be 

   
    

     
                                                        

3.3.2 DPF with          

Below the heat transfer analysis in a monolith is extended to a DPF. The heat 

transfer characteristics of the DPF are more complex than those of the monolith because 

of the flow through the filter wall. In addition to the thermal dimensionless groups, 

                 they also depend on the hydraulic dimensionless groups: 

            .  

Assuming     and combining the gas and solid energy balance Eqns. (2.23), 

(2.24) and (2.26) for the non-reaction case gives  
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In the common case that the heat transfer rate between the gas and solid is high (small P), 

Eqns. (2.23) and (2.24) may be replaced by the following approximations:  

      
 

   
  

   

  
    

 

   
  

   

  
                                  

      
 

 
   

     
  

   

  
    

 

 
   

     
  

   

  
                      

Substitution of Eqns. (3.23) and (3.24) in (3.22) leads to the following solid energy 

balance: 
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subject to the initial and boundary conditions:  
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where the effective heat Peclet number of a DPF is defined as 
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Unlike the effective heat Peclet number of the monolith,       changes with position. As 

in a monolith, the DPF       determines both the heat-up time and width of the 

temperature front. When the filtration velocity is essentially uniform (    ), Eqn. 

(3.29) can be simplified to 

 

     
 

 

   
 [       

 

   
 

   
  

  ]    
 

   
 

 

   
                    

Thus, for constant     ⁄          ⁄ ,       has a local maximum at   
 

         ⁄     

while its minimum value is attained at the channel inlet. For the parameters listed in 

Table 3.1,     ⁄                  ⁄       . The transverse heat Peclet number is 

much larger than the inverse axial heat Peclet number, so the heat transfer is dominated 

by the interphase gradients. The spatial dependence of the corresponding effective heat 

Peclet number is shown in Figure 3.4.  Its minimum value of 6.7 is obtained at the inlet 

and its maximum of 16.7 at       . As the transverse heat Peclet number (P) decreases, 

      increases and its maximum value is obtained near      . As P increases, the 

maximum of       is shifted to the downstream. When the effective heat Peclet number is 

dominated by    , the variation of       along the DPF length is small. For       values 

below the lower red dashed line in Figure 3.4 (      
< 8), the temperature along the DPF 
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is essentially uniform. The heat transfer characteristics under this limit are discussed in 

section 3.3.3. For       values above the upper red dashed line (      
> 128), a sharp 

temperature profile exists in the DPF.  

 

 
Figure 3.4: Spatial dependence of the effective heat Peclet number on the transverse heat 

Peclet numbers. Almost uniform DPF temperature exists for        . A sharp 

temperature profile exists for          . 
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As in the monolith, the effective heat Peclet number at the DPF inlet determines 

its front heat-up time. The dimensionless velocities at the inlet for the inlet and outlet 

channels are 1 and 0, respectively. The inverse effective heat Peclet number at the inlet 

increases linearly with the local filtration velocity:  
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When the filtration velocities are approximately uniform (    ), the dimensional form 

of Eqn. (3.31) is 
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The inlet velocity and channel hydraulic radius have opposing impact on     ⁄  and 

    ⁄ . As     and/or    decreases,     ⁄  increases while     ⁄  decreases. The 

maximum value of             is obtained when     ⁄  equals to     ⁄ . Figure 3.5 

shows the spatial dependence of            on      with different values of channel 

hydraulic radius and length. If the channel hydraulic diameter is kept at the base value 

(373 µm), then             has a maximum value when the inlet velocity is 1.6 m/s, no 

matter what channel length is. To get the maximum           , as the channel hydraulic 

radius decreases the inlet velocity has to be increased. Because the channel hydraulic 

radius has a second order impact on the transverse Peclet number, its effects on the heat 

transfer is larger than that of the inlet velocity and channel length, especially when the 

interphase heat transfer is the controlling one. However, the channel hydraulic radius is 

constrained by the DPF cell density and wall thickness. It is impractical to have either a 
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very small or large channel hydraulic diameter. Increasing the DPF cell density may 

change               simultaneously. Eqn. (3.32) predicts that as the DPF cell density 

changes from 200/12mil to 300/12mil,            increases from 6.7 to 10. 

 

 
Figure 3.5: Dependence of the effective heat Peclet number at the DPF inlet on the inlet 

velocity, hydraulic radius and channel length (other parameters reported in Table 3.1). 

Almost uniform DPF temperature exists for        . A sharp temperature profile exists 

for          . 
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Now consider the impact of the DPF length on           . When both the gas 

volumetric flow rate and the DPF volume are kept constant,      ⁄  value does not 

depend on the DPF aspect ratio. When the axial heat Peclet number (defined by Eqn. 

(2.17)) dominates the effective heat Peclet number (    ⁄      ⁄ ),            is a 

monotonic increasing function of the DPF length. In a sufficiently short DPF (high aspect 

ratio, D/L), the axial temperature is essentially uniform and the heat transfer properties 

can be predicted by a homogeneous lumped model. When the effective heat Peclet 

number is dominated by the transverse heat Peclet number (    ⁄      ⁄ ), which is 

the common case for a cordierite DPF,            has a weak dependence on the DPF 

length.   

3.3.2.1 Width of temperature front 

As in the monolith case discussed in section 3.3.1, the width of the temperature 

front in a DPF is directly related to the effective heat Peclet number as predicted by Eqn. 

(3.19). Therefore, the temperature front width and       ⁄  exhibit the same trend. 

Decreasing the effective heat Peclet number increases the temperature front width. The 

temperature front spans the entire DPF, when       is smaller than 8. When       

exceeds 8, the width at the DPF inlet can be estimated by 

     √
 

          
                                                  

When       exceeds 128, the temperature front covers less than 25% of the whole length. 

The filtration velocity is mostly uniform for the parameter values listed in Table 3.1 with 
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a uniform PM thickness inside the channel. The predicted temperature front width at the 

DPF inlet by Eqn. (3.33) is        ,  which means that it covers the entire DPF length. 

However, as the temperature wave travels along the channel, its shape may change 

slightly due to variation of       with position. These analytical predictions were 

confirmed by the simulation results shown in Figure 3.6a. The initial DPF temperature 

was uniform at 260 ºC, and the hot feed gas temperature was 600 ºC.  The figure shows 

that the temperature front always covers the DPF but the front shape changes as it travels 

through the channel. 

As pointed out earlier, a critical inlet velocity exists that leads to a maximum in 

the value of            (Figure 3.5). This critical inlet velocity generates the sharpest 

temperature front, which covers 33% of the DPF length under the parameters listed in 

Table 3.1. For low inlet velocity, the change of       ⁄  along the DPF length is small 

and so is the temperature front width. Figure 3.6b shows simulated transient temperature 

profiles for an inlet velocity of 1.6 m/s. The width of the moving temperature front is 

almost constant and covers about 30% of the entire length, in agreement with predicted 

values.    

3.3.2.2 Speed of temperature front 

The dimensionless speed of the temperature front moving from the upstream to 

the downstream in a DPF is  
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Figure 3.6: Simulation of solid temperature distributions during DPF heat-up (a) for 

parameters listed in Table 3.1 with inlet velocity of 30 m/s and (b) for Vin = 1.6m/s. 

 



70 
 

When the filtration velocity is nearly uniform, the dimensionless front speed 

decreases along the channel. The increase of the negative slope of the front velocity with 

position increases with the transverse heat Peclet number, as shown in Figure 3.7. When 

P is small, the change of the front speed is also small and its magnitude is close to    . 

For example the transverse heat Peclet number of the temperature wave shown in Figure 

3.6b is 0.007 and it moves at a nearly constant speed. For P values much larger than 

0.131, a wide front spans the entire DPF and it is not meaningful to define a front speed. 

3.3.2.3 Heat-up time  

The energy balance Eqn. (3.25) can in principle be solved to predict the heat-up 

time of a cold DPF by the hot feed gas. It is difficult to get an analytical solution because 

of the changing velocity in the inlet and outlet channels due to the flow though the filter 

wall. A simplified model of the solid temperature can be obtained by considering only the 

heat-up of a cold DPF entrance. This simplifies Eqn. (3.25) to   
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This equation is similar to the reported heat-up of a monolith
64

. The corresponding inlet 

solid temperature is  
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Figure 3.7: Dependence of the speed of the temperature front along the DPF on the 

transverse heat Peclet number for a uniform PM deposit case. 
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At       , the difference between the solid inlet and initial cold DPF 

temperature is smaller than 5% of the initial difference between the hot feed and the cold 

DPF. The DPF front heat-up time is 
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This predicts that when the filtration velocity is non-uniform, the front heat-up time may 

be shortened by increasing the filtration velocity at the inlet.  

For small P and uniform filtration velocity, the dimensionless speed of a 

temperature front moving from the upstream to the downstream is determined by the heat 

capacitance ratio (σ). The temperature difference between the whole DPF (solid 

temperature near the exit) and the initial cold DPF is less than 5% of the initial difference 

between the hot feed and cold DPF when  
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where         is the total DPF heat-up time. In dimensional form, Eqn. (3.38) is 
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For the values reported in the Table 3.1,  

                                    

and their dimensional values are  

                          

These analytical predictions were confirmed by simulations shown in Figure 3.6a. It 

showed that the DPF front was heated up in 10s while the whole DPF was heated up after 

35s. These values are in close agreement with the analytical predictions. The DPF heat-

up time increases when the inlet velocity is decreased. When the inlet velocity is 1.6 m/s, 

the predicted DPF front and whole DPF heat-up times are  

                     

The numerical simulations in Figure 3.6b show that a very close agreement exists 

between the analytical predictions and the numerically simulated results. This total DPF 

heat-up time of 438s is more than 14 times that for an inlet velocity of 30 m/s. However, 

note that under the inlet velocity of 30m/s, the amount of heat provided by the feed is 

18.75 (=30/1.6) times higher than that provided by the feed velocity of 1.6m/s. The total 

heat supply required to heat up the entire DPF equals to the heat-up time multiplying the 

feed flow rate. It is higher for the inlet velocity of 30 m/s case.   

Eqn. (3.39) predicts that the front heat-up time and temperature wave traveling 

time decrease upon decreasing the filter wall thickness and/or the volumetric heat 

capacitance ( 
 
   ). However, these changes increase the peak regeneration temperature 
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during the PM oxidation. Hence, the choice of these parameters depends on the DPF 

melting/cracking temperature. Under a specified volumetric flow rate and fixed DPF 

volume, a decrease in the DPF length requires an increase in the DPF diameter and hence 

a decrease in the inlet velocity to each channel. These changes do not affect the values of 

σ and  , so that the traveling time of the temperature wave is independent of the DPF 

aspect ratio (D/L). But the DPF front heat-up time and the width of the temperature front 

increase as the DPF length decreases (as     is smaller). However, when the heat transfer 

is controlled by the transverse heat Peclet number (or     ⁄      ⁄ ), the impact of 

the DPF aspect ratio on the heat transfer is negligible. In the base case (Table 3.1 and 3.2) 

where the transverse Peclet number is controlling, increasing the cell density decreases 

the front heat-up time and sharpens the temperature front. When   
     has a constant 

value, the dimensional front heat-up time and temperature wave traveling time decrease 

with   .  

3.3.3 DPF with           

In this case the temperature front spans the entire DPF, and the axial solid and gas 

temperatures are essentially uniform, i.e. the whole DPF heats up nearly uniformly. The 

filtration velocity is essentially uniform (    ) with uniform PM deposition. Because 

of the flow through the filter wall, the difference between the gas temperature in the 

outlet channel and the solid temperature can be ignored (     ). The simplified solid 

energy balance is 
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Subject to the initial condition: 

                                                                       

The solution of this lumped model is  
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Thus, the difference between the solid and feed temperatures is within 5% of the initial 

difference when  

  
  

(
   

   )
                                                         

The total heat-up time approaches the asymptotic value of    when P is very large and  

        ⁄  when P has a very small value. Bissett and Shadman
33

 and Koltsakis and 

Stamatelos
64

 studied both experimentally and theoretically the thermal regeneration in a 

short DPF. The predictions by Eqn. (3.43) closely agree with their experimental results 

when the axial temperature gradient is negligible. 

3.4 Concluding remarks 

Analysis of various limiting cases of a one-dimensional two-phase model of a DPF 

provides insight into the flow and heat transfer characteristics and guidance about what 

DPF design and operating conditions should be chosen to satisfy desired DPF 

specifications. A DPF volume is usually chosen to handle a specified exhaust flow rate. In 

the limiting case of an effective heat Peclet number (     ) smaller than 8, the whole DPF 
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heats up uniformly, a temperature front does not form and the heat-up time can be 

estimated by Eqn. (3.43). When       exceeds 8, a temperature front moves through the 

DPF and its width and speed, and the heat-up time can be estimated by Eqns. (3.33), (3.34) 

and (3.38), respectively. As       keeps increasing, both the width of the temperature front 

and the DPF front heat-up time decrease and more heat is captured inside the DPF during 

the heat-up. When       > 128, the temperature front in the DPF is sharp as its width 

covers less than 25% of the entire length.  

Note that operation with a specified exhaust flow rate and DPF volume implies that 

the value of L/Vin is independent of the choice of D/L. Hence, an increase of the aspect 

ratio D/L decreases the total pressure drop and leads to a more uniform filtration velocity. 

Besides, a DPF with higher channel hydraulic diameter and cell density also leads to a 

lower pressure drop and a more uniform filtration. When the PM deposit thickness inside a 

DPF is uniform, Figure 3.1 defines the values of          and Ʌ3 under which a uniform 

filtration velocity exists.  

The operating and design variables should be optimized according to the specified 

application of the DPF. The analytical predictions enable a quick estimation of the impact 

of different operating and design parameters. The predictions of the flow and heat transfer 

presented here will be utilized in the next two chapters to predict the PM light-off and 

regeneration behavioral features and the peak regeneration temperatures. 
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Chapter 4 Analysis of PM Light-off 

4.1 Introduction 

An active PM combustion is usually initiated by feeding a hot exhaust gas 

containing oxygen to a DPF, whose initial temperature is lower than the ignition 

temperature. Ideally, light-off or ignition should be rapid to minimize the fuel 

consumption. It is important to be able to predict the dependence of the DPF ignition on 

its design and operating conditions. There are many studies of the ignition in packed-bed 

and monolith reactors.  

Christoforatou et al.
65

 developed criteria predicting runaway in an adiabatic 

packed-bed or monolith reactor accounting for both interphase heat transfer resistance 

and intra-particle diffusion. Leighton and Chang
66

 determined the downstream ignition of 

a one dimensional two-phase monolith model with constant heat transfer coefficient. 

More recently, Ramanathan et al.
67,68

 conducted a steady-state and transient light-off 

analysis of a monolith in the global parameter space. They derived ignition criteria for 

both uniform and non-uniform catalyst loading. The predictions of the DPF ignition 

features are more complicated than those of packed-bed and monolith reactors, because 

of the flow through the filter wall, especially when the filtration velocity is non-uniform 

along the channel. The DPF ignition behavior has been experimentally studied using 

video cameras
69

 and infra-red measurements
70,71

. The PM combustion can proceed either 

by a propagating front (upstream, downstream or in both directions) or by a uniform 

combustion. Zheng and Keith
72

 derived an ignition temperature criterion using a transient 

two-phase DPF model that ignored all the variations in the axial direction. Later they 
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derived a downstream ignition time criterion accounting for the axial thermal gradients 

using an averaging theory under the homogeneous limit
73

. In last chapter, a dimensionless 

1-D two-phase model based on that developed by Bisset
34

 was used to analyze the flow 

and heat transfer characteristics in a DPF. It enabled predicting the pressure drop, 

filtration velocity, speed and width of the temperature front and the DPF heat-up time. 

When the flow resistance of the filter wall and PM layer is more than double that of the 

channel, i.e.           , the filtration velocity is close to uniform. In the absence of 

a PM oxidation reaction, if the effective heat Peclet number (     ) is smaller than 8, the 

temperature front covers the entire DPF and the axial temperature gradient can be 

neglected. In this chapter, the reaction term is added to the dimensionless 1-D two-phase 

model, which is used to develop light-off criteria for the PM regeneration.  

The main goal of this study is to use limiting models to derive explicit criteria 

predicting the ignition temperature and time needed for generating either upstream, 

middle or downstream light-off. A second goal is to apply the criteria to design a PM 

regeneration process with a low peak regeneration temperature and a high level of 

combustion of the accumulated PM. This chapter is organized as follows: Section 4.2 and 

4.3 present an analysis of the DPF ignition temperature and time for both non-uniform 

and uniform deposited PM profiles, respectively. Section 4.4 discusses the influence of 

the DPF design and operating conditions on the ignition. It explains how to lower the 

ignition temperature and time and how to obtain different ignition modes (front, middle 

or back). The predictions from the criteria are validated by simulations of the full model 

in section 4.5. Section 4.6 uses the ignition criteria to design a regeneration process with 
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a low peak regeneration temperature and complete PM combustion. Conclusions are 

presented in the last section.  

4.2 Estimation of DPF ignition temperature  

It is defined that ignition or light-off occurs when the steady state (bifurcation) 

diagram of the solid downstream temperature versus the inlet gas temperature has a limit 

point so that a small change in the inlet gas temperature leads to a jump or large change 

in the solid temperature. Thus, when ignition occurs the DPF is in the region of multiple 

solutions and a jump in the solid temperature occurs as     increases beyond the ignition 

point
65,67

.  

There are very few predictions of the DPF ignition temperature in the literature. 

Zheng and Keith
72

 derived an ignition temperature criterion of a two-phase DPF model 

that ignored all variations in the axial direction. It was shown in Chapter 3 that the axial 

variations can be neglected only if the filtration velocity is nearly uniform, i.e.      

     , and the axial temperature variation is small. For the non-reacting case (i.e. 

transient heating of a DPF), the axial temperature variation may be neglected when 

       , where the effective heat Pectlet number is defined in Eqn. (3.29). It depends 

on both the axial heat Peclet number (   ) and the transverse heat Peclet number (P) as 

well as on the velocity field. It accounts for the combined impact of inter (gas to solid) 

and intra-phase (within solid) heat transfer on the temperature profile. Because of the 

flow through the filter, the effective heat Peclet number increases and then decreases 

along the channel. When heat generation is included, the value of       at which the axial 

temperature variation may be ignored depends on the reaction parameters. The transition 
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value decreases from 8 (at    ) to a much smaller value as B increases. For typical 

DPF parameter values (           ), the       transition value is about unity.  

The axial temperature and velocity variations usually cannot be neglected in 

commercial DPFs. Below reports the ignition temperatures for the general case in which 

axial variations may exist for two limiting models: Homogeneous (      ) and 

Heterogeneous (P is approximately 0.5 or larger). The predictions exploit the following 

assumptions / simplifications:  

(4-I) Negligible PM and oxygen consumptions before and during the short PM ignition 

time. 

(4-II)             , when δ<<1.  

(4-III) The reference temperature is close to the solid ignition temperature at the DPF 

inlet, so that              
  

      
         . 

4.2.1 Ignition temperature under the homogeneous limiting case 

The DPF behavior approaches asymptotically that of the homogeneous single-

phase plug flow model when the heat conductivity of the DPF filter is low (     ) 

and the rate of interphase heat transfer between the gas and solid is high (   ). In this 

case, the temperature difference between gas and solid is negligible and the 

dimensionless Eqns. (2.23), (2.24) and (2.26) become 
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       ̂   ̂                                                             

Applying assumptions (4-I), (4-II) and (4-III), Eqn. (4.1) is reduced to 

 
  

  
 

  

  
       ̂                                                     

Solving Eqn. (4.4) by the method of characteristics
74

,  

  

  
       ̂                                                           

along the characteristic curve given by 

  

  
 

 

 
                                                                  

When the non-uniform PM ignites at      , integration of Eqn. (4.5) yields  

       
  

 
 

∫  ̂      
   

 

                                               

Eqn. (4.7) predicts that an increase (decrease) in the value of any of the four parameters: 

              ̂    , shifts the ignition location (   ) upstream (downstream, eventually 

out of the DPF).  A downstream ignition (     ) occurs when 

       
 

 
 

∫  ̂      
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where    
  is the dimensionless inlet gas temperature leading to a downstream/back-end 

ignition. Eqn. (4.8) predicts that a downstream ignition of the homogeneous case does not 

depend on the profile of the deposited PM. Increasing the total PM loading decreases the 

downstream ignition temperature. The ignition is defined to be upstream (or front) and 

homogeneous if it occurs within the front 5% of the length. An upstream ignition occurs 

at 0.05L (        ), if the dimensionless inlet gas temperature satisfies 

       
  

 
 

∫  ̂      
    

 

                                           

where    
  

 is the dimensionless inlet gas temperature leading to an upstream/front 

ignition under the homogeneous limit. It depends on the deposited PM profile between 

the inlet and the ignition point. Shifting part of the total PM deposit upstream decreases 

the minimum required ignition temperature. Inlet gas temperatures higher than    
  

 lead 

to an upstream ignition.  

The downstream ignition temperature for a uniform PM layer is same as that 

predicted by Eqn. (4.8), while the upstream ignition temperature at          for a 

uniform PM layer is 

       
  

                                                             

Eqns. (4.8) and (4.10) imply that  

   
  

    
          

                                               

In terms of dimensional parameters the ignition criteria Eqns. (4.8) and (4.10) are 
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4.2.2 Ignition temperature under heterogeneous limiting case 

The heterogeneous model is a good approximation when the transverse Peclet 

number is large (P is approximately 0.5 or larger) and the solid phase energy balance 

(Eqn. 2.26) at the inlet is  

 
   

  
  (

   

 
     )          

      [      (   
   (

  

      
)  ̂   

    
)]                         

where  ̂      is the initial dimensionless PM deposition thickness at the inlet and      is 

the inlet dimensionless filtration velocity. Applying (4-I), (4-II) and (4-III), Eqn. (4.14) 

becomes 

 
   

  
   

   

 
                      ̂                           

Under a quasi-steady state,  

  
   

 
                      ̂                               
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To determine the ignition point, Eqn. (4.16) is differentiated with respect to the solid 

temperature    to obtain  

  
   

 
              ̂                                           

Simultaneous solution of Eqns. (4.16) and (4.17) determines the minimum inlet gas (   
  

) 

and solid (  
  

) temperatures for ignition at the DPF inlet under the heterogeneous limit:  

       
  

 
 
   

       

  ̂     
                                                 

  
  

    
  

                                                              

The main difference between the homogeneous and heterogeneous ignition is that in the 

former case the solid ignition temperature at the inlet is same as the inlet gas ignition 

temperature (  
  

    
  

 , while in the latter case the difference between these two 

temperatures is about one unit (Eqn. (4.19)). Also Eqn. (4.18) indicates that an increase in 

the transverse heat Peclet number or a decrease of the inlet filtration velocity lowers the 

minimum upstream ignition temperature. For uniform initial PM thickness and filtration 

velocity, Eqn. (4.18) simplifies to  

       
  

       
   

 
                                                

The corresponding dimensional form is  
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4.3 Estimation of the DPF ignition time 

The PM ignition time (   ) is similar to that in a monolith reactor
63

 and depends 

on the location of the ignition (upstream, middle or downstream), initial solid temperature 

(except for the homogeneous plug flow model), inlet gas temperature and reaction 

parameters.  

4.3.1 Homogeneous limiting case 

If the deposited PM thickness is uniform, the homogeneous plug flow model 

(Eqns. 4.1-4.3) predicts that ignition occurs at  

    
 

      
  
                                                             

The corresponding ignition time is 

          
 

      
  
                                                     

Eqn. (4.22) is also valid for low solid conductivity (       ) and small 

interphase gradients (   ). However, the ignition time differs from that predicted by 

Eqn. (4.23) when       
 

 
        75

, which occurs for the DPF parameters reported 

in Table 4.1 and 4.2. Derivations of energy balance under the homogeneous limit were 

shown in Section 3.3.2. Combining the gas and solid energy balance Eqns. (2.23), (2.24) 

and (2.26) and applying assumptions (4-I)-(4-III) to the reaction term: 
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Table 4.1 Dimensional parameters for a typical DPF 

Dimensional variable Value 

Cell density 200 cpsi 

Cpg 1122 J/(kg∙K) 

Cps 1169 J/(kg∙K) 

Cpp 1510 J/(kg∙K) 

E 144.5 kJ/mol 

   1.47×10
4
  m/s 

Kp 1×10
-14

 m
2
 

Ks 1.38×10
-13

 m
2
 

L 0.254 m 

   0.373 mm 

   5.5×10
7
 m

-1
 

   60 µm 

   305 µm (12 mil) 

     773.15K 

   533.15K 

    30m/s 

    7% 

λg 0.062 W/(m∙K) 

λs 1.5 W/(m∙K) 

λp 0.108 W/(m∙K) 

µ 4.1×10
-5

 Kg/(m∙s) 

ρg 0.4 kg/m
3
 

ρs 1200 kg/m
3
 

ρp 100 kg/m
3
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Table 4.2 Dimensionless parameters for a typical DPF 

Dimensionless variable Value 

B 20.5 

Da 0.16 

    0.9 

P 0.117 

    2697 

 ̂ 28.46 

Α 0.85 

   1.014 

   2.7 

   0.09 

  2606 

  22.5 

 

The corresponding initial and boundary conditions are  

              ̂       ̂                                     
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(  
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where  
 

     
     is the inverse effective heat Peclet number at the inlet (Eqn. (3.31)) and 

   is the dimensionless traveling speed of the temperature wave (Eqn. (3.34)). When the 

filtration velocity is uniform, the temperature wave traveling speed,   , decreases 

linearly because of the flow through the filter wall.  
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Gray et al.
76

 proved that for the model defined by Eqns. (4.24)-(4.26) if the inlet 

gas temperature is slightly higher than the ignition temperature (for example, when the 

parameters are in the so called supercritical region), the ignition time satisfies   

            
  

                                                  

When the inlet temperature is much further in the supercritical region, the ignition 

time is the sum of the DPF front heat-up time (   ) from the initial to the ignition 

temperature plus the time for the temperature wave to travel from the inlet to the ignition 

location. The front heat-up time was derived in Chapter 3:  

    
   

 
     

    

       
 

   
  

                                               

where   satisfies the relation: 
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Both   and     increase as the left hand side of Eqn. (4.29) increases. Eqns. (4.28) and 

(4.29) predict that the front heat-up time depends on the initial DPF temperature (   ), 

the inlet gas temperature (   ) and the inlet solid ignition temperature (      
  

). At a fixed 

      
  

, the front heat-up time and hence the total ignition time decreases following an 

increase of the initial DPF temperature and/or inlet gas temperature. The value of   is 4.3 

when the l.h.s of Eqn. (4.29) is 0.95. The ignition time is the sum of the traveling time of 

the temperature wave from      to     and the front heat-up time: 
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When      , Eqn. (4.30) predicts the downstream ignition time at an inlet temperature 

of    
  

. When         , it predicts the upstream ignition time corresponding to ignition 

temperature of    
  

. In dimensional form with the assumptions of                 

 : 
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Zheng and Keith
73

 predicted that the ignition time in the limit of a small 

transverse Peclet number is  

      
 

       
[   √ |  

√ 

            
|

   

]                          

where               . This prediction is based on three assumptions that are not 

always justified. First, it ignores the solid thermal conductivity (  depends only on the 

transverse heat peclet number). For a substrate with finite but small conductivity,       

has to be replaced by the inverse effective heat Peclet number (       ). Second, the 
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prediction of Eqn. (4.33) was derived for homogeneous downstream ignition but not for 

upstream ignition. Third, Eqn. (4.33) is based on the assumption of a constant traveling 

wave speed which is not always valid for a DPF. The predictions of Eqns. (4.30) and 

(4.33) are compared in Section 4.5.  

4.3.2 Heterogeneous limiting case  

Upstream ignition time in the heterogeneous limit can be obtained by integrating 

Eqn. (4.15) until the solid DPF upstream temperature reaches the ignition temperature, 

  
  

: 

   
  

  ∫
 

  
   

                       ̂     

   

  
  

   

                       

Figure 4.1 shows the dependence of the upstream ignition time on the inlet gas 

temperature and initial solid temperature. Higher inlet gas and initial solid temperature 

decrease the ignition time. Zeldovich et al.
77

 showed that when the inlet gas temperature 

slightly exceeds the gas ignition temperature (   
  

      in Figure 4.1) the upstream 

ignition time satisfies Eqn. (4.27). As the inlet gas temperature increases, the ignition 

time decreases and eventually approaches a constant asymptotic value. When the initial 

solid temperature equals to the ignition temperature (       
  

      in Figure 4.1), 

there is no heat-up time. As the initial DPF temperature decreases, the heat-up time and 

hence the ignition time increase.  
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Figure 4.1: Dependence of the predicted heterogeneous upstream dimensionless ignition 

time on the inlet gas and initial DPF dimensionless temperatures (other parameters are 

listed in Table 4.2). 
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For a DPF with initial temperature much lower than the ignition temperature and 

heated up by a feed hotter than the ignition temperature, the total ignition time is close to 

the heat-up time, i.e. 

   
  

 
 

 
   

       
  (

       

          
)                                   

The ignition time decreases as either the initial solid temperature and/or the inlet gas 

temperature increase. If both are kept constant, the temperature difference between the 

inlet gas and the solid DPF front shrinks by 95% at  

   
  

   (
   

 
     )⁄                                            

which in dimensional form is 

   
  

 
  

 
     

     
(

     

       
     )⁄                                

4.4 Influence of various design and operating variables on ignition  

4.4.1 Ignition temperature  

The inlet gas should not be too hot as the peak regeneration temperature increases 

linearly with the inlet gas temperature when the inlet gas temperature far exceeds the 

ignition temperature. Eqns. (4.8), (4.9) and (4.18) predict the dimensionless downstream 

and upstream ignition temperatures. Figure 4.2 is an ignition map of a DPF with a 

uniform initial PM thickness.  
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Figure 4.2: Dependence of dimensionless ignition temperatures on               for 

uniform initial PM thickness. The behaviors for small P are determined by the limiting 

homogeneous model (h), for large P by the heterogeneous model (H) and numerically for 

intermediate values of P (Hh). Marked points correspond to values used in the numerical 

validations reported in section 4.5. 
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This map may be used to determine the inlet temperature needed for ignition (   
  

) 

as a function of the two dimensionless groups              . It enables also 

determination of the nature of ignition, i.e. whether it is homogeneous (h), heterogeneous 

(H) or mixed (Hh) and the location of the ignition in the DPF, upstream (U), downstream 

(D) or middle (M). As explained earlier, the limiting behaviors for small P are 

determined by the limiting homogeneous model, for large P by the heterogeneous model 

and numerically for intermediate values of P. For large values of the transverse Peclet 

number (    ⁄      ), either no ignition occurs or the PM ignites at the upstream. 

Downstream ignition does not exist in this case. For small values of the transverse heat 

Peclet number, the ignition location shifts upon an increase in the inlet temperature from 

the downstream to the middle to the upstream. As shown by the map, for any value of P, 

increasing BDa decreases the ignition temperature, which means increasing the PM 

thickness and/or oxygen concentration decreases the ignition temperature. As BDa 

increases with the reaction rate, catalytic PM oxidation has a lower ignition temperature 

than thermal oxidation. The reaction rate constant in Table 4.1 is from the experimental 

results reported by Yezerets et al.
53

 The criterion can be used for catalytic DPFs with 

different kinetic parameters. Numerical validations of the ignition temperatures with P in 

three regions (triangle, circle and square marks in Figure 4.2) are shown in Section 4.5.  

The ignition map may be used to investigate the impact of the design and 

operating variables (              ) on the downstream and upstream ignition 

temperatures when the PM loading is uniform. Under constant inlet volumetric flow rate 

and DPF volume, the inlet velocity is proportional to the DPF length (constant P). 

Therefore, changing the length does not affect the ignition temperature. Under constant 
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cell density, all ignition temperatures decrease as the channel hydraulic diameter 

increases. Increasing the cell density under constant hydraulic diameter increases the DPF 

front open area, therefore decreases the inlet velocity and hence the ignition temperatures. 

The analytical expressions can predict the change in the ignition temperature when 

several variables change simultaneously. 

4.4.2 Ignition time 

Eqns. (4.30) and (4.36) predict the dimensionless upstream and downstream 

ignition times. Their dependences on             are shown in Figure 4.3 note that the 

ignition time is independent of BDa. Decreasing the heat capacitance ratio (σ), i.e. a 

thinner filter wall thickness and/or lower solid volumetric heat capacitance, shortens the 

ignition times. Under a constant σ, the dimensionless ignition times decrease upon 

increasing the transverse Peclet number. Opposite to that of the dimensionless ignition 

temperature, the dimensionless ignition time increases with P. In the limit of large P, the 

entire DPF heats up and lights off uniformly. The ignition time is close to the asymptotic 

value of 3σ. In the limit of P close to zero, the DPF upstream ignites immediately, while 

the downstream ignition occurs at σ.  

The influence of various design and operating variables on the dimensional 

downstream (   
 ) and upstream (   

  
) ignition times under homogeneous condition, which 

equals to the heat-up times, were thoroughly analyzed in the last chapter. Decreasing the 

solid conductivity lowers the ignition times of the homogeneous model. Under constant 

volumetric inlet flow rate, DPF volume and cell density, the transverse Peclet number is 

constant. The ignition time does not depend on the DPF aspect ratio when       
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     , but decreases upon a decrease of the hydraulic diameter. Increasing the cell 

density under constant hydraulic diameter increases all three ignition times.  

To minimize the fuel consumption due to the need to preheat the feed, the 

dimensional ignition time should be short and the temperature front should propagate fast. 

Therefore, operating a DPF at the homogeneous limit (long residence time) is not 

recommended because it takes long time to initiate the downstream ignition and long 

time for the temperature front to propagate through the channel under either upstream or 

downstream ignition.  

 

 
Figure 4.3: Predicted dependence of dimensionless ignition times on             for 

uniform initial PM thickness. 
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4.5 Numerical validations      

Numerical simulations of a two channel DPF model were conducted using, unless 

otherwise stated, the parameter values reported in Table 4.1 and 4.2 with an initially 

uniform PM deposit layer. For an inlet gas velocity of 5m/s and channel hydraulic radius 

of 300µm, the transverse heat Peclet number (P) is 0.013 so that a homogeneous model is 

a good approximation. Its upstream and downstream ignition temperatures are shown by 

the blue square marks in Figure 4.2. The predicted ignition temperatures and times are 

   
          

  
                                                    

   
          

  
                                                       

Figure 4.4 shows the simulated solid temperature and PM profiles using the above 

predicted inlet temperatures (Eqn. (4.38)). The predicted minimum feed temperatures for 

downstream and upstream ignition are in good agreement with the simulated behaviors. 

The simulated front (downstream) ignition time of about 20s (200s) is in good agreement 

with predicted value of 17s (178s). After the ignition, Figure 4.4a shows that temperature 

at the DPF downstream continues increasing until t=268s and at the meantime the 

downstream PM gets combusted. However, the temperature front died-off, did not 

propagate towards the upstream leaving large amount of unburned PM inside the filter 

(Figure 4.4a t=300s). The upstream ignition creates a temperature wave moving 

downstream. The highest peak temperature in this case is obtained at the end of the DPF. 

Majority of the PM is combusted only a small fraction is left near the channel inlet. 
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However, its peak temperature is more than 500K higher than that attained under the 

downstream ignition. 

 

 
Figure 4.4: Simulated solid temperature and PM profiles for initially uniform PM loading 

under (a) downstream and (b) upstream ignitions (   =5m/s,        mm and P=0.013. 

Upstream and downstream ignition temperatures are shown in Figure 4.2 by the blue 

square marks). 
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The ignition times predicted by Zheng and Keith
73

 (Eqn. (4.33)) of 

    
           

  
                                                     

are longer than those by Eqn. (4.39). The downstream and upstream ignition times 

predicted by Eqn. (4.40) are higher than the simulation results by about 24% and 80%, 

respectively. Eqn. (4.33) adequately predicts only the homogeneous downstream ignition 

time.  

To test the predictions of the heterogeneous model, consider a DPF with a short 

residence time of 1.67 ms. The corresponding transverse heat Peclet number is 0.6. No 

downstream ignition exists in this case. The heterogeneous upstream ignition temperature 

predicted by Eqn. (4.21), which is shown by the green triangle mark in Figure 4.2, and 

the ignition time predicted by Eqn. (4.37) are 

   
  

         
  

                                                

The simulated solid temperature and PM profiles of the full model with an inlet 

temperature of 784K are shown in Figure 4.5. No sharp temperature front formed. The 

upstream PM ignited between t=5s and 10s, close to the predicted 7s. The ignition 

temperature and time predicted by the heterogonous model adequately approximate the 

behavior of the full model. When t=20s, the peak of the temperature wave reaches the 

downstream of the DPF and more PM is regenerated there because of higher local solid 

temperature. At the end of the regeneration (t=80s), a thin PM layer was left inside the 

inlet channel upstream section. 
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Figure 4.5: Simulated solid temperature and PM profiles for initially uniform PM loading 

under upstream ignition (L=0.05m and P=0.6, ignition temperature is shown in Figure 

4.2 by the green triangle mark). 

 

The transverse heat Peclet number corresponding to the parameters listed in Table 

4.1 of 0.117 is between the predicted limiting values for either the homogeneous or 

heterogeneous case. With a uniform PM layer, the corresponding ignition temperatures 

predicted by the limiting model Eqns. (4.12), (4.13) and (4.21) and the ignition times by 

Eqns. (4.31), (4.32) and (4.37) are 

   
          

  
         

  
                                   

   
         

  
        

  
                                        

The predicted ignition temperatures in Eqn. (4.42) are marked by black circles in Figure 

4.2. The upstream ignition temperature predicted by the homogeneous model is higher by 
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59K from that predicted by the heterogeneous model. The upstream ignition temperature 

and time are expected to be bounded between the predictions of these two limiting 

models:     
  

      
  

) and     
  

     
  

 .  

Simulations of the solid temperature and PM profiles are shown in Figure 4.6 for 

the three inlet gas temperatures reported in Eqn. (4.42). Figure 4.6a shows that with an 

inlet gas temperature of 732K, a downstream ignition was initiated. The full model 

simulation shows that the downstream solid temperature exceeds the inlet gas 

temperature after t=35s, which is close to the predicted ignition time of 34s. However, the 

temperature wave did not propagate backwards to the upstream leading to incomplete PM 

regeneration. Using an inlet temperature of 768K (the upstream ignition temperature 

predicted by the heterogeneous model), ignition started behind the DPF upstream leaving 

some of the upstream PM unburned (Figure 4.6b). This indicates that the predicted 

heterogeneous inlet gas temperature is too low to initiate an upstream ignition. As the 

inlet gas temperature is increased to 827K (value predicted by the homogeneous model), 

upstream ignition was obtained and all the PM was regenerated. However, the simulated 

solid temperature at the DPF inlet exceeded the inlet gas temperature by 60K (Figure 

4.6c). This behavior differs from that of the homogeneous model, which assumes 

negligible temperature difference between the solid and gas. The simulations showed that 

an upstream ignition can be obtained at times of about 10s using an inlet gas temperature 

of 790K, which is bounded by the predictions of the two limiting models. Figure 4.6 also 

shows that after the PM was ignited different combustion dynamics were formed, e.g. 

different temperature front propagation directions/PM combustion modes, some of which 

have been reported
15,78

.  
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Figure 4.6: Simulated solid temperature and PM profiles for initially uniform PM loading 

with predicted (a) downstream, (b) heterogeneous upstream and (c) homogeneous 

upstream ignition temperatures (parameters shown in Table 1, P=0.117, three ignition 

temperatures are shown in Figure 4.2 by the black circle marks). 
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The numerical simulations are in good agreement with the explicit predictions of 

the ignition temperatures and times. Zheng and Keith’s prediction, Eqn. (4.33), is only 

valid for downstream ignition time with extremely small P. The downstream ignition 

usually leads to incomplete regeneration of the PM deposit in the DPF. Upstream ignition 

usually leads to a more complete PM combustion, but with higher peak temperatures, 

which may damage the ceramic filter. For example, Figure 4.4 shows that the upstream 

ignition leads to almost complete regeneration but its peak temperature is about 550K 

higher than that attained by the downstream ignition. Next section shall comment on how 

to handle this problem in the next section.  

4.6 Two-step ignition 

A two-step ignition may be used to obtain complete PM regeneration with a low 

peak temperature. Initially use a feed temperature that generates either a middle or 

downstream ignition. This initial step decreases the downstream PM loading. Next, 

conduct an upstream ignition which combusts the remaining PM. Because some PM was 

combusted in the first stage decreasing the total PM loading for the second stage, the 

peak regeneration temperature decreases. An experimental demonstration of a two-step 

ignition was reported by Boger et al.
79

 The ignition temperature and time criteria 

presented in this work enable application of this strategy to any DPF.  

Figure 4.7 shows a case with an inlet gas velocity of 5m/s and inlet oxygen 

concentration of 15%. Criteria Eqns. (4.12) and (4.13) predict that the minimum inlet gas 

temperature to start downstream and upstream ignition is 655K and 730K, respectively. 

Figure 4.7a shows the simulated solid temperature and PM profiles with an inlet gas 
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temperature of 750K (the inlet gas temperature is higher by 20K than the predicted 

upstream ignition temperature to regenerate all the PM in the front of the channel). 

Following the upstream ignition the temperature wave traveled downstream at almost a 

constant speed. A very high peak temperature of 1554 K formed at the end of the DPF at 

t=168 s, which may melt the cordierite DPF.  

 

 
Figure 4.7: Simulated spatial-temporal temperature and PM profiles under (a) upstream 

ignition with Tin=750K, (b) two-step ignition with initial Tin=680K (b-I), and then 

increase the inlet gas temperature to 750K at t=200s (b-II).  
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A two-step ignition can avoid this high peak temperature obtained following the 

upstream ignition. First initiate a middle DPF ignition with an inlet gas temperature of 

680K, the ignition time of which is about 100s. After the temperature wave generated by 

the middle ignition extinguishes at t=200s, increase the inlet temperature to 750K to 

generate an upstream ignition. This second stage ignition time is about 20s. The 

simulated temperature and PM profiles of this two-step ignition are presented in Figure 

4.7b. They show that the regeneration efficiency is the same as that of upstream ignition 

in Figure 4.7a, but the peak regeneration temperature is lower by 208 K (to 1346 K) from 

that in Figure 4.7a. The upstream ignition regenerates all the PM in 100s less than the 

two-step ignition. In this example, the second step of the two-step ignition was initiated 

when the initial stage was finished. Depending on the DPF design and operating 

conditions, the start of the second step may be optimized to decrease the total 

regeneration time and hence fuel consumption.  

4.7 Conclusions 

In general, the initial DPF temperature is lower than the ignition temperature and 

the PM ignition can occur either at the DPF upstream, middle or downstream. Upstream 

ignition requires higher inlet gas temperature but is faster, generates a temperature front 

that moves faster than following middle or downstream ignition and usually leads to a 

rather complete PM combustion. Its main disadvantage is that it generates high peak 

temperatures, which may damage the ceramic filter. Downstream/middle ignition 

requires a longer ignition time and hence a higher fuel penalty, generates slower moving 

temperature fronts and usually leads to only partial regeneration. However, the peak 
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temperature is lower than that following an upstream ignition. A two-step ignition can 

decrease the peak regeneration temperature with essentially complete PM combustion. 

The criteria can be used to design, control and optimize this promising regeneration 

method. Thus, it is of practical importance to be able to predict which DPF design and 

operating conditions will lead to a specific ignition mode. 

The explicit expressions are presented for predicting the ignition temperature and 

time for two limiting models, which were validated by various numerical simulations. 

Figure 4.2 and 4.3 show that the limiting models provide bounds on the behavior of any 

DPF which cannot be described by either limiting model. The ignition temperature for 

any ignition mode can be lowered by increasing the PM thickness and/or oxygen 

concentration without affecting the ignition time. However, simulations show that both 

options increase the peak regeneration temperature. Using a catalytic filter decreases the 

ignition temperature. On the other hand, we can decrease the ignition time without 

affecting the ignition temperature by using of a thinner filter wall and/or lowering the 

solid volumetric heat capacitance. This will however also increase the peak regeneration 

temperature. Before adopting either option, need to check if the peak regeneration 

temperature is of concern. Other options are to optimize the operating and design 

variables (DPF aspect ratio, hydraulic diameter, cell density). When the effective heat 

Peclet number is under transverse heat Peclet number control, increasing the DPF aspect 

ratio (D/L) under constant volumetric inlet flow rate and DPF volume does not change 

the ignition temperature and time. While if it is under axial heat peclet number control, 

increasing the DPF aspect ratio (D/L) under constant volumetric inlet flow rate and DPF 
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volume increases the ignition time. The ignition temperature (time) decreases (increases) 

with increasing channel hydraulic diameter and cell density.   

Designs that lead to either extremely high ignition temperature or long 

regeneration time should be avoided. Therefore, DPFs operating close to the 

homogeneous limit (long residence time or small hydraulic radius) are not recommended 

because it takes a long time to initiate the downstream ignition and long time for the 

temperature front to propagate through the channel under either upstream or downstream 

ignition.  

A DPF design can benefit by addressing the limiting operation concerns. The PM 

ignition behavioral features predicted in this work should provide guidance for design of 

regeneration process with minimum fuel penalty, bounded temperature rise and high 

regeneration efficiency. Next chapter studies the PM regeneration features and peak 

temperatures under various regeneration modes.   
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Chapter 5 Regeneration Modes and Peak Temperatures 

5.1 Introduction 

Temperature excursions that lead to melting or cracking of the DPF may occur 

during the PM combustion. Therefore, the two main objectives in the design and operation 

of a DPF undergoing regeneration are (i) limiting the maximum local temperatures during 

regeneration to values that are well below the melting point of the substrate and (ii) 

avoiding large temperature gradients that can crack the support. It has been shown that the 

maximum temperature gradient inside the DPF increases monotonically with the peak 

temperature
80,81

. Therefore, the peak temperature can predict both the melting and cracking 

of the DPF. In this chapter, the DPF regeneration and its peak temperature in two modes, 

transverse and axial regeneration modes, were analyzed based on the knowledge of flow 

distribution, heat transfer and light-off. The analysis enables an efficient optimization of 

the DPF design and operating conditions that leads to lower peak temperatures during these 

two and mixed mode regeneration.  

This chapter is organized as follows: DPF regeneration under the two limiting 

cases of transverse and axial PM reduction modes are studied in Section 5.2. Under the 

transverse mode, the axial PM and temperature profiles are rather uniform during the 

regeneration while under the axial mode, the flow and PM deposit are non-uniform and a 

sharp temperature front forms. Analytical expressions were derived to predict an upper 

bound on the peak regeneration temperature for each mode. The mixed mode PM 

regeneration is defined to be those that differ from either one of the two limiting modes. 

The temperature and PM profiles under the mixed regeneration mode are bounded 
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between those of the transverse and axial mode and so is the peak temperature under both 

stationary and DTI inlet conditions. In Section 5.3, the impact of various inlet and initial 

conditions and DPF design parameters on the peak regeneration temperature under the 

mixed mode are investigated based on the knowledge of the two limiting regeneration 

modes. Section 5.4 discusses how to decrease the peak regeneration temperature 

following drop to idle (DTI). Conclusions are presented in the last section. 

5.2 Limiting regeneration modes and their peak temperatures  

Three representative sets of numerically calculated spatial-temporal DPF 

temperature and PM maps during the regeneration are shown in Figure 5.1. Unless stated 

otherwise, the numerical simulations described in this chapter were all conducted with 

initial uniform DPF temperature of 533.15K and inlet gas temperature of 20K higher than 

the estimated upstream ignition temperature, whose analytical expressions are described 

in chapter 4. It also has been shown in section 4.5 that if use the upstream ignition 

temperature as the inlet gas temperature, after the regeneration some PM in the upstream 

is unburned. Therefore, the inlet gas temperature was increased by another 20K to 

guarantee complete PM combustion. Figure 5.1a (5.1b) describes the temperature and PM 

evolution during the transverse (axial) PM regeneration mode. In sections 5.2.1 and 5.2.2 

below, their features are described and their peak temperatures are analyzed. Figure 5.1c 

is of a mixed mode regeneration, which is an intermediate case between Figure 5.1a and 

5.1b and is discussed in section 5.3. 
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Figure 5.1: Simulated spatial-temporal temperature and PM maps under (a) transverse 

and (b) axial PM reduction modes, and (c) mixed regeneration mode. Other parameters 

are listed as in Table 5.1. 
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Table 5.1: Values of dimensionless parameters for a typical DPF under stationary inlet 

conditions 

Dimensionless variable Value 

B 27.36 

Da 0.34 

    0.89 

P 0.117 

    2697 

 ̂ 28.46 

α 0.85 

   1.014 

   2.7 

   0.09 

  2605.6 

   2.8 

  21.7 

 

5.2.1 PM regeneration under the transverse mode 

A DPF is defined to be under the transverse regeneration mode when the 

filtration velocity is nearly uniform (    ) during PM deposition and regeneration, 

i.e.            and the axial temperature variation is negligible. For a typical DPF 

with      and     , the axial temperature variation may be neglected when the 

effective heat Pectlet number (     ) is about unity or smaller. The transition value of 

      that leads to small axial temperature variations decreases as B increases. The DPF 

regeneration shown in Figure 5.1a, which satisfies both restrictions:               

(larger than 2) and            (smaller than unity), is an example of the transverse PM 
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regeneration mode. Its numerically calculated spatial-temporal DPF temperature and PM 

maps show that the PM deposits, heats up, lights off and regenerates essentially 

uniformly in the axial direction and the maximum temperature rise in this case is very 

small (           ).  

Below, the peak temperature of the transverse PM regeneration mode is analyzed. 

In the transverse mode, the interphase (gas and solid) temperature gradient is usually not 

negligible (large P). However, because of the filtration the temperature difference 

between the gas in the outlet channel and the filter wall can be ignored (     ). With a 

uniform filtration velocity (    ) across the filter wall, the energy balances of the gas 

in the inlet channel and the solid are  
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Combining Eqns. (5.1) and (5.2) to eliminate   , 
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The PM balance is  

  ̂

  
   {      [       (

  

      
)   ̂]}                            

Eqns. (5.3) and (5.4) are subject to the initial conditions: 
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              ̂                                                        

The two ordinary differential equations, Eqns. (5.3) and (5.4), predict the behavior of the 

limiting transverse regeneration mode. Their prediction of the maximum temperature rise 

deviate from the exact simulated full model by less than 5%. For example, the predicted 

peak temperature by Eqns. (5.3) – (5.5) is within 3% of the simulated results shown in 

Figure 5.1a.     

Figure 5.2 (5.3) shows the dependence of the dimensionless regeneration 

temperature and PM disappearing rate on the initial DPF temperature (the inlet gas 

temperature) calculated by Eqns. (5.3) – (5.5). Unmentioned parameters are listed as in 

Table 5.1. The maximum regeneration temperature and PM disappearing rate increase 

with the initial DPF temperature and inlet gas temperature. For example, the dashed line 

in Figure 5.3c describes the reactions path for the case of                  , whose 

initial solid temperature and inlet gas temperature are higher than any other cases shown 

in Figure 5.2 and 5.3. It is shown that its maximum regeneration temperature of 267K is 

also the highest. Comparing the dashed line with the solid lines in Figure 5.3c, there are 

three reasons for it to have the highest maximum temperature. First, it has the highest 

solid temperature at     ̂   . Second, once the PM is ignited, solid temperature for 

the case of the dashed line increases at the highest slope. Third, when reaching the 

maximum temperature, the corresponding value of     ̂  is the highest (in other 

words, the corresponding amount of PM remained is the lowest). 
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Figure 5.2: Dependence of the dimensionless peak regeneration temperature on the initial 

DPF temperature under the transverse PM regeneration mode: (a) the temporal maximum 

temperatures, (b) the temporal PM thicknesses, and (c) the dependence of the temporal 

maximum temperatures on PM consumption. 
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Figure 5.3: Dependence of the dimensionless peak regeneration temperature on the inlet 

gas temperature under the transverse PM regeneration mode: (a) the temporal maximum 

temperatures, (b) the temporal PM thicknesses, and (c) the dependence of the temporal 

maximum temperatures on PM consumption. 
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Dividing Eqn. (5.4) by Eqn. (5.3) gives   

   

     ̂ 
 

      

  {      [       (
  

      
)   ̂]}

  
 

  
                    

If assume          as the initial conditions for Eqn. (5.6) instead of        in Eqn. 

(5.5) and that the exit oxygen concentration is zero until all the PM is consumed, i.e.  ̂  
 

in Eqn. (2.11) equals to zero during the regeneration, Eqn. (5.6) becomes 

   

     ̂ 
 

        

  
        ̂                                            

Eqn. (5.7) predicts the highest possible maximum regeneration temperature for a DPF 

under transverse mode. It can be integrated from  ̂                 to  ̂    to give 

                             
 

  
                                  

To minimize     ,     is usually set to slightly exceed the minimum inlet gas ignition 

temperature. When            , Eqn. (5.8) becomes 

                        
 

  
                                     

which in dimensional form is  
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While Eqns. (5.9) and (5.10) over predict the maximum regeneration temperature, they 

provide a useful upper bound and suggest how to lower the maximum temperature, other 

than decreasing the initial DPF and inlet gas temperatures. Specifically, the peak 

temperature can be lowered by decreasing   (lower oxygen concentration) and/or 

increasing   . When     , i.e. small solid heat capacitance ratio and/or high PM 

loading, the maximum temperature rise is close to the adiabatic temperature rise when the 

PM oxidation reaction is oxygen limited (small   , i.e.  

                
 

  
                                           

When      (high solid heat capacitance ratio and/or thin PM layer), the maximum 

temperature rise in the DPF is very small: 

               
 

  
   

 

  
                                    

The maximum temperature rise predicted by Eq. (5.11) depends only on the oxygen 

concentration, while that by Eq. (5.12) depends only on the PM thickness. These are the 

same as the limiting bounds derived by Boger et.al
79

. A decrease of the PM loading 

and/or oxygen concentration, and an increase of the heat capacitance ratio decrease the 

maximum regeneration temperature. These conclusions are validated by the experimental 

and simulations of the 1-D model of DPF thermal regeneration
33, 64

. 

The analytical expressions Eqns. (5.9) and (5.10) are simplified solutions of Eqns. 

(5.3) and (5.4) that predict the temperature in the limiting case of transverse mode PM 

regeneration. Eqn. (5.10) can readily be solved to predict an upper bound on the 
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maximum temperature rise. This highest temperature is a monotonic increasing function 

of the inlet gas temperature, initial DPF temperature, PM loading and oxygen 

concentration and a monotonic decreasing function of the filter wall thickness and the 

volumetric heat capacitance. [Note that decreasing the inlet gas temperature below the 

front ignition temperature can lead to incomplete PM combustion or very long 

regeneration time.]  

5.2.2 PM regeneration under the axial mode 

A DPF regeneration is defined to be in the axial mode when the filtration velocity 

is highly non-uniform, i.e.             and a sharp temperature profile exists in the 

DPF. In a typical case of              ,       need to be much larger than unity to 

obtain a sharp temperature front. The DPF regeneration shown in Figure 5.1b, which 

satisfies both restrictions:               (much smaller than 2) and           

(much larger than unity), is an example of the axial PM regeneration mode. Its 

numerically calculated spatial-temporal PM map shows that the PM deposition profile at 

the end of the filtration is non-uniform with a local minimum near the center. Most of the 

flow through the filter wall is in the upstream and downstream of the DPF, where most of 

the PM is deposited. Its spatial-temporal solid temperature map shows that the hot 

exhaust gas initiates the PM regeneration near the inlet of the DPF. The PM is combusted 

by a sharp temperature wave that moves downstream, generating a very high peak 

temperature of 1614.3K at the downstream of channel.  

The peak temperature of the axial PM regeneration mode is analyzed below. In 

the axial mode, the DPF thermal behavior approaches asymptotically that of a 
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homogeneous single-phase plug flow model with a high rate of interphase heat transfer 

between the gas and solid (   ) and low heat conductivity of the cordierite DPF solid 

(     ). The solid and gas energy balances can be combined as those given by Eqns. 

(4.1) – (4.3). The spatial-temporal temperature can be analyzed by the method of 

characteristics
74

: 
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The peak temperature rise is obtained when the temperature wave reaches the DPF exit 

and an upper bound on the peak temperature is obtained when all the oxygen is consumed 

on the characteristic, i.e.   

      ∫  
  

  
   

 

 

 ∫        

 

 

                                     

When           , the impact of the PM deposit on the filtration velocity is 

negligible compared to  that of the channel friction. Therefore, the peak temperature rise 

asymptotically approaches the adiabatic temperature rise,     , whose value is 1007K 

for the case in Figure 5.1b. The simulated peak temperature rise of 914K in Figure 5.1b is 

slightly lower than     . Eqn. (5.14) predicts that the peak temperature is a 

monotonically increasing function of the inlet gas temperature and B (oxygen 

concentration for small  ). As the PM thickness decreases, the peak temperature further 

deviates from the estimated peak temperature upper bound because not all the oxygen is 

consumed at each axial location at which a peak temperature passes. Hence, the peak 

temperature increases with the PM thickness.  
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The impact of the initial DPF temperature (    ) on the simulated peak 

regeneration temperature under axial mode is shown in Figure 5.4a. As the initial DPF 

temperature is increased from very cold to the solid ignition temperature of 680K (the 

dashed line in Figure 5.4a), the peak temperature first increases and then decreases. The 

highest peak temperature occurs at a critical initial DPF temperature of 610K, under 

which the traveling time of the temperature wave is equal to the total PM regeneration 

time. When         , the temperature wave traveling time is shorter than the PM 

regeneration time (for example, in Figure 5.1b,            , its temperature wave 

traveling time is less than 2000s and its PM regeneration time is about 2250s). In these 

cases an increase of the initial DPF temperature decreases the heat removal by the 

effluent which increases the peak temperature. When at the end of the filtration the DPF 

is preheated under not-oxidizing environment and      > 610K, all the PM is consumed 

before the peak of the temperature wave reaches the DPF exit. The distance the 

temperature wave travels before all the PM is consumed becomes shorter as     increases 

from 610K to 680K. It decreases the heat accumulation during the regeneration, which 

lowers the peak temperature. Figure 5.4b shows the spatial-temporal temperature and PM 

map during regeneration under               . Following the introduction of the 

hot gases at t=0s, the PM regeneration started along the entire DPF length. After 700s all 

the PM in the DPF was combusted while the temperature peak traveled only 40% of the 

DPF length from the inlet. After that the temperature wave travelled downstream with no 

further increase in the peak temperature. Figure 5.4a shows that the peak temperature 

attained under          is lower by 565K from that attained under         . 
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Under the axial PM regeneration mode, increase the initial solid temperature to the 

ignition temperature decreases the peak regeneration temperature. 

 

 
Figure 5.4: (a) Dependence of the peak regeneration temperature on the initial DPF 

temperature under the axial PM regeneration mode; (b) simulated spatial-temporal 

temperature and PM profiles under initial DPF temperature of 680K (corresponding to 

the dashed line in Figure 5.4a). 



122 
 

5.3 Methods to decrease peak temperature under mixed mode  

The limiting transverse (Fig. 2a) and axial (Fig. 2b) regeneration modes were 

described. The behaviors for all cases not described by these two limiting cases are 

defined as being in the mixed mode. Unless stated otherwise, the corresponding behaviors 

described below were all conducted using the parameters listed in Tables 5.1 and 5.2.  

Table 5.2: Values of various dimensional parameters for a typical DPF under stationary 

inlet conditions 

Dimensional variable Value 

Cell density 200 cpsi 

E 144.5 kJ/mol 

   1.47×10
4
  m/s 

Kp 1×10
-14

 m
2
 

Ks 1.38×10
-13

 m
2
 

L 0.254 m 

   0.373 mm 

   5.5×10
7
 m

-1
 

   60 µm 

   305 µm (12 mil) 

     800K 

    533.15K 

       
 

+20K 

    30m/s 

    10% 

λg 0.062 W/(m∙K) 

λs 1.5 W/(m∙K) 

λp 0.108 W/(m∙K) 

µ 4.1×10
-5

 kg/(m∙s) 
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Figure 5.1c describes one example of the temperature and PM evolution during 

the mixed PM regeneration mode. Its width of the temperature front is bounded between 

those of the transverse (Figure 5.1a) and axial (Figure 5.1b) regeneration modes and so is 

the peak temperature rise. Based on the knowledge of the DPF regeneration under the 

two limiting modes (transverse and axial), it is conjectured that the peak regeneration 

temperature of a DPF under the mixed mode can be decreased by one of the four 

procedures described below. 

5.3.1 Decrease the effective heat Peclet number 

The peak temperature can be lowered by decreasing the effective heat Peclet 

number (     ), as this increases the width of the temperature front, which, in turn, 

increases the heat removal during the regeneration. The dependence of       on various 

operating and design variables has been described in chapter 3. It can be decreased by 

either decreasing the DPF length (L), increasing the solid conductivity (  ) or operating 

with a      rather different from the critical intermediate inlet velocity (    ), which leads 

to the maximum       as defined by Eq. (3.29). Figure 5.5 depicts the dependence of the 

simulated peak temperature rise on the inlet velocity for a DPF with different length and 

solid conductivity. As predicted the highest peak temperature occurs for a long DPF 

(L=25.4cm) with low heat conductivity (  =1.5W/(m∙K)) fed at the critical inlet velocity 

(           ). The critical inlet velocity that leads to the maximum peak temperature is 

independent of the DPF length but increases with the solid conductivity. When the heat 

transfer is under transverse heat Peclet number control (           ), the impact of 
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the solid conductivity is small (as Figure 5.5 shows at    =30m/s and L=25.4cm, the peak 

temperature rise is essentially independent of the solid conductivity).  

 

Figure 5.5: Dependence of the simulated maximum temperature rise on the inlet velocity 

under different DPF length and solid wall conductivity (other parameters defined in Table 

5.2). 
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5.3.2 Decrease the cell density, and/or increase the solid heat capacitance  

Study here the impact of the DPF cell structure (cell density, channel hydraulic 

diameter and filter wall thickness) on the peak temperature. The cell density (cpsi), 

channel hydraulic radius (  ) and filter wall thickness (  ) satisfy the relation: 

                        √
 

    
                                                                     

Hence, any two of these variables characterize the system. It is most convenient to 

consider cpsi and    as the independent variables as they are commonly used to describe 

the DPF structure in the literature and industry. Figure 5.6 shows the dependence of the 

numerically simulated peak temperature rise on the cell structure for a DPF with 

specified volume and aspect ratio fed by a constant inlet volumetric flow rate. In this case, 

the lowest temperature rise occurs at           and a cell density of 100 cpsi, while 

the highest at           and 300 cpsi. The figure shows that the peak temperature 

rise decreases with increasing filter wall thickness under constant cell density. Moreover, 

at a constant filter wall thickness the peak temperature rise increases almost linearly with 

cell density. This occurs because the transverse heat Peclet number decreases with 

increasing cell density, which sharpens the width of the temperature front and hence 

increases the peak temperature. The lowest peak temperature rise is obtained by 

decreasing the cell density and increasing the filter wall thickness. This conclusion is 

validated by the numerical simulations of Miyairi et al.
37

, which showed that increasing 

the solid heat capacitance decreases the peak temperature. 
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Figure 5.6: Dependence of the maximum temperature rise on the cell density and filter 

wall thickness.    
 

 is the front ignition temperature determined by Eqns. (4.13) and (4.21). 
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5.3.3 Lowering the PM loading, oxygen concentration and feed temperature 

Simulations shown in Figure 5.7 reveal that the peak temperature rise for a 

constant DPF cell density increases with the PM loading under each set of inlet 

conditions. The increase is much more dominant under large values of β, which means 

Figure 5.7: Dependence of the maximum temperature rise on PM thickness, O2% and Tin. 

   
 

 is the front ignition temperature determined by Eqns. (4.13) and (4.21). 
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that oxygen moles in the feed is in large excess over the moles of the initial PM deposit in 

the channel (PM limited). The impact of inlet oxygen concentration on the peak 

temperature rise depends on β as shown in Figure 5.7. Comparing the peak temperature 

rise with inlet oxygen concentration of 10% (the solid/red line in Figure 5.7) to that of 5% 

(the dashed/purple line) shows that when β is small (oxygen limited), the peak 

temperature rise increases with increasing oxygen concentration. However, when β is 

large (PM limited), the peak temperature rise is rather insensitive to the value of the 

oxygen concentration. When the PM oxidation reaction is oxygen limited (small β), the 

inlet oxygen concentration affects more the peak temperature, but when it is PM limited 

(large β), the impact of the PM loading on the peak temperature is dominant.  

When the inlet gas temperature exceeds the front ignition temperature (    

     
 

), it has a minor impact on the peak temperature rise (Figure 5.7 shows essentially 

the same peak temperature rise when the gas temperature exceeds the ignition 

temperature by either 20 or 40K). The peak temperature equals to the peak temperature 

rise plus the inlet gas temperature. Therefore, when          
 

, the peak temperature 

increases linearly with the inlet gas temperature. When          
 

, as shown in section 

4.5 decreasing the inlet gas temperature decreases the peak temperature rise. Also, as the 

inlet gas temperature decreases, the ignition location moves downstream eventually out 

of the channel leaving large amount of PM unburned within the same regeneration time. 

A two-step ignition can be used to regenerate all the PM without getting a high peak 

temperature. This is accomplished by initially using an inlet gas temperature that is 

higher than the downstream ignition temperature (     
 ) but lower than the upstream 
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ignition temperature (     
 

). This feed generates either a middle or downstream ignition 

that decreases the downstream PM loading. Following the extinction of this temperature 

front, an upstream ignition is conducted to combust the remaining PM. The highest peak 

temperature following the second step upstream ignition is lower than that following a 

one-step upstream regeneration due to the lower downstream PM concentration. 

5.3.4 Increase     to       when     , and decrease     when       

An increase of the initial DPF temperature to the ignition temperature does not 

decrease the peak temperature in all DPF systems. As discussed in section 5.2.1, an 

increase of the initial solid temperature to the ignition temperature always increases the 

peak temperature for a DPF under the transverse mode regeneration. However, under the 

axial mode PM regeneration shown in section 5.2.2, an increase of the initial DPF 

temperature to the ignition temperature decreases the peak temperature. For the DPFs 

under the mixed mode regeneration, which are bounded between those of the transverse 

and axial regeneration modes, the impact of the initial DPF temperature on the peak 

temperature depends on the product,   . When    , which means the dimensionless 

temperature wave traveling time ( ) is larger than the total PM regeneration time (   ) 

when the initial DPF temperature equals to the ignition temperature, increase the initial 

DPF temperature to the ignition temperature decreases the peak temperature. On the other 

hand, when    , the PM regeneration time is always higher than the temperature wave 

traveling time. Increase the initial DPF temperature decreases the effluent heat removal, 

which increases the peak temperature.  
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Figure 5.8 compares the peak temperature rise under different initial PM 

thicknesses with initial DPF temperature of 533.15K to that with initial DPF temperature 

equals to the solid ignition temperature (         ). The solid ignition temperature 

decreases as the PM thickness increasing. Their estimations can be found in chapter 4. 

For a given DPF,   is a constant and at a constant feed oxygen concentration,   decreases 

as the PM loading increases. It is shown in the figure that when   is large (PM 

thickness<100µm), increasing the initial solid temperature to the ignition temperature 

decreases the peak temperature. When the PM thickness reaches 100 µm, the two peak 

temperature rise curves in Figure 5.8 intersect. Additional simulations show that the peak 

temperature with           is higher than that with     533.15K when the PM 

thickness is larger than 100µm. As we predicted, the decision whether or not heat up the 

DPF before the regeneration to decrease the peak temperature depends on the product,   . 

At a constant   value (constant inlet oxygen feed concentration and PM loading),     

increases with increasing either the solid heat capacitance and/or the filter wall thickness. 

The initial DPF temperature can be increased in a non-oxidative environment wither by 

electrical heating or by burning all the oxygen in the exhaust gas by an injected fuel until 

the entire DPF reaches the desired temperature.  

Note that here consider only cases of increasing the initial solid temperature (   ) 

up to the solid ignition temperature (     ). In these cases, the inlet gas temperature has to 

be equal or higher than the inlet gas ignition temperature (     ) for the PM to light-off. 

An important case that do not consider here is when the initial solid temperature is higher 

than the solid ignition temperature (         ). In this case, the PM can be regenerated 

even if the inlet gas temperature is lower than the ignition temperature as long as it is 
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higher than the extinction temperature. Since the peak temperature decreases with the 

inlet gas temperature, the peak temperature for the case of           and           is 

lower than that of           and          . 

 

 
Figure 5.8: Dependence of the peak temperature rise on the initial PM loading under two 

different initial DPF temperatures.       is the solid ignition temperature determined by 

Eqns. (4.13) and (4.19). 
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5.4 Impact of drop to idle (DTI) 

Experience indicates that a sudden decrease of the load to a diesel engine, referred 

to as Drop to Idle (DTI), can lead to a transient temperature rise, which exceeds that 

obtained during stationary operation under either the initial or final operating conditions. 

A DTI increases the feed exhaust gases oxygen concentration and decreases its 

temperature and flow rate. Both experiments
21,22,25

 and simulations
20,23,24

 revealed that 

this counter-intuitive dynamic response depends in a complex way on several factors, 

such as the rate at which DTI occurs, the magnitude of the change of the inlet conditions 

during DTI, the direction of the moving temperature front, whether the DTI occurred 

before or after the formation of the moving temperature front, and the period after the 

initiation of the temperature front. It is rather difficult to predict which DTI scenario 

leads to the highest peak temperature, and its value. However, based on the results of how 

to lower the peak temperature under the stationary feed conditions, designs and 

regeneration procedures that can be used to decrease the peak temperature following a 

DTI are proposed below: 

(1) Design the DPF so that the temperature front has a large possible width. This includes: 

 Decrease the reactor length 

 Decrease the cell density 

 Increase the solid conductivity 

 Avoid the critical inlet velocity that leads to the maximum       

(2) Decrease the PM loading, and/or oxygen concentration. 

(3) Increase the solid heat capacitance and/or filter wall thickness. 
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(4) Conduct two-step regeneration. 

(5) Increase the initial DPF temperature close to solid ignition temperature when     . 

Section 5.3 reported which changes in the DPF properties will lead to a wide 

temperature front during stationary feed regeneration, and hence decrease the peak 

temperature. The peak DPF temperature following a DTI can also be decreased by 

changing the DPF properties so that it increases the width of the temperature front. Two 

of these simulations are described below. The initial stationary feed conditions and the 

DTI operating conditions are reported in Table 5.3. Other parameters are reported in 

Table 5.2. The DTI conditions were simulated when the temperature front reached the 

middle of the DPF. 

 

Table 5.3 Sudden drop to idle (DTI) inlet conditions 

Inlet condition Before DTI After DTI 

Tin 830K 533.15 K 

Vin 30 m/s 5 m/s 

yin 7% 15% 

DTI is initiated when the peak of the temperature wave reaches x=0.5 

 

      

Figure 5.9 describes the impact of changing the cell density on the temperature 

profiles corresponding to the highest peak temperature. As predicted an increase in the 

cell density from 100 to 200 cpsi under stationary feed conditions (dashed curves) 

decreased the width of the temperature front and increased the peak temperature obtained 

at the end of the DPF from 1189K to 1238K. Following a DTI (solid curves in Figure 5.9) 
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the temperature rose above the maximum attained under stationary feed operation from 

1238K to 1460K for a DPF with a cell density of 200cpsi and from 1189K to 1392K for a 

cell density of 100cpis. It is worth noting that following a DTI the highest temperature 

was not attained at the end of the DPF for a cell density of 200cpsi. The figure shows that 

as the temperature front is widened the highest peak temperature decreased both under 

stationary feed conditions and after the DTI.  

 

 
Figure 5.9: Axial temperature profiles showing the location of      under DTI (solid 

lines) and stationary inlet conditions (dashed lines) for cell densities of 200cpsi and 

100cpsi. 
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A similar effect is shown in Figure 5.10, which simulates the impact of increasing 

the solid conductivity from 1.5 W/(m∙K) to 50 W/(m∙K) on the width of the temperature 

front and the highest peak temperature. The increase in the solid conductivity widened 

the reaction front width under both stationary feed conditions and following the DTI. For 

a solid conductivity of 1.5 W/(m∙K) (50 W/(m∙K)) the shift to DTI led to a peak 

temperature of 1460K (1339K). It exceeds the highest temperature attained under 

stationary feed conditions of 1238K (1223K). The difference between these two 

Figure 5.10: Axial temperature profiles showing the location of      under DTI (solid 

lines) and stationary inlet conditions (dashed lines) for solid conductivities of 1.5 

W/(m∙K) and 50 W/(m∙K). 
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stationary feed cases is rather small as the impact of the solid conductivity on the 

temperature front width is small for a stationary inlet velocity of 30m/s, under which the 

effective heat Peclet number is under the transverse heat Peclet number control (  

         ). As in the case shown in Figure 5.9 the peak temperature following DTI 

did not always occur at the DPF end as it did under stationary feed conditions. In addition, 

decreasing the DPF length also increases the width of the temperature front and decreases 

the peak temperature under stationary inlet conditions. Experiments conducted by Boger 

et al.
82

 confirmed that decreasing the DPF length decreases the peak regeneration 

temperature following a DTI.  

The peak temperature can also be decreased by either increasing the solid heat 

capacitance, filter wall thickness, and/or decreasing the PM loading, oxygen 

concentration. It has been shown both experimentally
79

 and by simulation in section 4.6 

that a two-step ignition decreases the maximum DPF temperature during stationary 

regeneration. Similarly, the highest temperature following a DTI in a DPF undergoing a 

two-step regeneration is lower than that of a DPF undergoing regeneration by a one-step 

upstream ignition.  

The impact of initial DPF temperature on the peak regeneration temperature under 

steady state inlet conditions, discussed in section 5.3.4, also applies following a DTI. For 

example Figure 5.11 shows the impact of the initial DPF temperature on the peak 

regeneration temperature following a DTI as reported in Table 5.3. Figure 5.11a (5.11b) 

shows the spatial-temporal profiles of the DPF temperature and PM thickness during the 

regeneration for an initial DPF temperature of 533.15K (845K, the solid ignition 

temperature). The inlet gas temperatures for both cases are 830K. The peak temperature 
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of 1171K in Figure 5.11b for initial solid temperature equal to that of the ignition is 289K 

lower than that for an initial solid temperature of 533.15K shown in Figure 5.11a. The 

total regeneration time of 14s for the case of high initial DPF temperature (Figure 5.11b) 

is shorter by 49s than that of Figure 5.11a. 

 

 
Figure 5.11: Simulated spatial-temporal temperature and PM maps following DTI under 

(a)             and (b)                with inlet gas temperatures of 830K. 

(DTI parameters are reported in Table 5.3) 
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5.5 Concluding remarks 

It is essential to design a DPF and select operating conditions that minimize the 

temperature rise during the periodic combustion of the accumulated particulate matter. As 

shown in previous chapter the feed temperature determines the location at which the 

ignition occurs. Complete regeneration by one-step ignition requires that the feed gas 

temperature exceed the minimum needed to cause upstream ignition. The inlet gas 

temperatures are chosen to satisfy this restriction in all the cases we studied here.  

This work provides simple criteria predicting the highest regeneration temperature 

under stationary feed conditions for two limiting cases. One is the transverse regeneration 

mode for which the filtration velocity is nearly uniform (     ) during both PM 

deposition and regeneration, and the axial temperature variation is negligible. An upper 

bound on the maximum temperature rise in this case is predicted by the algebraic equation 

Eqn. (5.10). It is a monotonic increasing function of the inlet gas temperature, initial DPF 

temperature, PM loading and oxygen concentration and a monotonic decreasing function of 

the filter wall thickness and the volumetric heat capacitance. The second limiting case is 

the axial regeneration mode under which a sharp moving temperature front forms and the 

filtration velocity is highly non-uniform, so that at the end of the filtration step the PM 

deposit along the DPF is non-uniform with a local minimum near the center. Under the 

axial mode, the peak temperature rise approaches asymptotically the adiabatic temperature 

rise and is a monotonically increasing function of the inlet gas temperature, oxygen 

concentration and PM thickness.  
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Most DPFs operate in a mixed regeneration mode, bounded between the parameters 

defining the two limiting modes. The prediction of their behavior requires a numerical 

solution of a set of differential equations. The simple expressions predicting the behavior of 

the two limiting modes provide useful, simple guidance and bounds on the DPF design and 

operating conditions in the mixed mode that lead to lower peak regeneration temperature. 

Section 5.3 describes several choices of the DPF properties or operating conditions which 

decrease the peak regeneration temperature under stationary feed conditions. For example, 

conditions that widen the width of the temperature front, or those increasing the solid phase 

volumetric heat capacity, etc.  

A major technological challenge is that a sudden decrease of the load to a diesel 

engine, referred to as Drop to Idle (DTI), may create a transient DPF temperature peak 

much higher than the highest temperature under regeneration with either the initial or final 

stationary feed conditions. This undesired behavior occurs in general when the regeneration 

under the normal stationary inlet conditions leads to a sharp temperature front. Simple 

bounds on the temperature rise were obtained under stationary feed conditions, but it is 

hard to get these following a DTI as this complex dynamic response depends on many 

parameters, which do not affect the operation under stationary feed conditions. For example, 

the peak DTI temperature depends on the time at which DTI occurs as well as the coupling 

between the impact of the changes in the feed oxygen concentration, temperature and 

velocity. The resulting three perturbations propagate at different velocities along the bed 

and one consequence is that the highest peak temperature does not always occur at the end 

of the DPF, as it does under stationary feed conditions. It is conjectured that DPF designs 

and operating conditions that decrease the peak temperature under stationary operation, 
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described in section 5.3, will also decrease the peak DTI temperature rise. For example, 

selecting a DPF design or operating conditions that widen the width of the temperature 

front, or an increase of the initial DPF temperature close to the ignition temperature before 

regeneration starts decrease the highest transient temperature following a DTI as shown in 

Figure 5.9 - 5.11. Numerous simulations verified this conjecture. The simulations also 

reveal that these changes may also shift the location of where the transient peak 

temperature is obtained.    
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Chapter 6 Inlet Cone Effect on PM Deposition and 

Regeneration Temperature 

6.1 Introduction 

Experience has shown that transient local temperature excursions may destruct the 

DPF either by local melting or by cracking caused by thermal stresses.
37

 Circumventing 

these occasional local temperature excursions is still a major technological challenge in 

the design and operation of a DPF. Numerous experimental and theoretical studies have 

investigated the undesirable formation of high temperature excursions in a DPF. 

Recently, a catalytic DPF has been developed, which simultaneously removes the 

PM and oxidizes the emitted un-combusted organic compounds.
42-45

 In these cases the 

exhaust pipe is connected to the larger diameter DPF by a wide-angled cone (diffuser). 

The experiments of Stratakis and Stamatelos
83,84

 revealed
 
that the cone caused mal-

distribution of the inlet velocity to the various channels. The highest inlet velocity was at 

the DPF center. Several studies described the impact of an inlet cone on the performance 

of monolith catalytic converters used to oxidize organic effluents of gasoline engines.
85-87

 

Experiments by several research groups
58,88,89

 revealed that an inlet cone led to mal-

distribution of the deposited PM, with the maximum deposited at the DPF center. Most 

previous studies of temperature excursions in a DPF did not investigate the impact of the 

cone on the deposition rate and the regeneration temperature as well as on the transient 

inlet velocity distribution among the various DPF channels. The goal of this study was to 

obtain this missing information to enable prediction of its impact and features.  
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6.2 Impact of the cone on PM deposition and regeneration 

The PM deposition and regeneration are simulated in a commercial cordierite 

DPF, whose shape and dimension is presented in Figure 6.1. Preliminary simulations 

revealed that an exit nozzle had only a minor impact on the DPF behavior. Thus, to 

minimize the computational effort, the impact of an exit cone was not accounted for. 

Consider a case that a 50 mm long inlet cone connected the DPF to the exhaust pipe, the 

diameter of which was 50 mm (i.e., R’/L’=0.5). The DPF was assumed to be surrounded 

by a 6 mm insulation layer with a conductivity of 0.1 W/(m·K). The ambient air heat 

transfer coefficient at 25 
0
C was assumed to be 20 W/(  ·K). 

The properties of the filter and PM are reported in Table 6.1. Based on reported 

data of PM deposition in commercial DPFs, the PM permeability was assumed to be 

1×10
-14 

m
2
 and its density 100 kg/m

3
. Konstandopoulos et al.

90
 reported that the PM 

packing density and permeability remain constant if the Peclet number exceeds 1. In the 

simulations the Peclet number exceeded 1 when the minimum filtration velocity 

exceeded 1.6 cm/s. This condition was satisfied in all the simulations considered here as 

the minimum filtration velocity was 2.2 cm/s. Therefore, the PM permeability and 

density did not change during the filtration. It was assumed that the initial cordierite filter 

porosity was 48% and the filter mean pore diameter 12.5µm. The Ergun’s Eqn. (2.33) 

predicted that the filter initial permeability was 4.3×10
-13

 m
2
. The model of 

Konstandopoulos et al.
12

 predicted that the PM deposition inside the filter wall continue 

until the permeability reached 1.4×10
-13

 m
2
. In all the simulations described here, unless 

otherwise stated, regeneration was started after an average PM deposition of 8 g/L. The 
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constant exhaust feed rate of 250 kg/hr contained 0.02gr PM/kg feed. The PM particle 

diameter was 100 nm.  

 

 
Figure 6.1: Schematic of a DPF with an inlet cone. 

 

 

Table 6.1 Properties of Cordierite DPF and PM deposit 

DPF length 0.254 m 

DPF diameter 0.144 m 

Cell density 200 cpsi 

Wall thickness 12 mil (0.3mm) 

Porosity of clean filter 48 % 

Mean pore size of clean filter 12.5 µm 

Filter wall 

permeability 

clean 4.3×10
-13

 m
2
 (0.44 Darcy) 

fully loaded 1.4×10
-13

 m
2
 (0.14 Darcy) 

Bulk density of PM deposit 100 kg/m
3
 

Permeability of PM deposit 1×10
-14

 m
2
 (0.01 Darcy) 

 



144 
 

6.2.1 Impact of the cone on PM deposition 

Figure 6.2a shows the radial dependence of the entry velocity into the inlet 

channels of a clean DPF (PM load of 0 g/L) at a feed temperature of 260 
0
C. Note that 

flow is fed only into the inlet channels and none into the plugged exit channels and filter 

wall. The continuous line in Figure 6.2a is the locus of the velocity into the inlet 

channels. Only the velocity locus will be shown in the other figures. The entry velocity 

into the clean DPF is non-uniform with the highest inlet velocity at the DPF center. The 

velocity decreased with distance from the axis, reached a local minimum and then 

increased close to the wall. This velocity increase next to the wall was caused by a radial 

pressure increase next to the wall that pushed the fluid through the exterior inlet channels. 

A similar behavior has been observed experimentally by Stratakis and Stamatelos
84

. 

Moreover, the same features were reported by experiments and simulations of the flow 

through a monolith fed by a high-angle diffuser.
91

  

The deposited PM increased the pressure drop in the channels. This inlet velocity 

to channels with a high PM loading was decreased more than those to channels with a 

smaller load. Thus, as the total PM loading increases the inlet velocity becomes more 

uniform, as shown by Figure 6.2b. The pressure drop in a channel is the sum of the 

frictional pressure drop in the channel and that through the deposited PM and filter. The 

PM deposits initially inside the filter wall decreasing its permeability and increasing its 

resistance to flow. Thus, the change in the velocity profile following the load increase 

from 0 to 4 g/L is larger than that following a PM deposit increase from 4 to 8 g/L, during 

which the wall permeability does not change.  
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Figure 6.2: Radial velocity profiles at the DPF inlet at (a) clean DPF (b) different PM 

loading. The stationary feed conditions were:  Tin = 260 
0
C, flow rate = 250 kg/hr, O2 = 

10%. 

 

 

Figure 6.3: PM deposition profile with the inlet cone effect at loading of 8 g/L. 
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Figure 6.3 shows the axial and radial variations of the deposited PM with loading 

of 8 g/L. Corresponding to the transient inlet velocity distribution along the radius, the 

largest PM load formed at the central channels and a local minimum in the PM layer 

thickness formed at a radial position of r/R ~ 0.7 at all axial positions. These predicted 

features closely agree with the experimental results reported by Harvel et al.
89

 

 

 

 

Figure 6.4: Radial inlet velocity profiles to a clean DPF at several total inlet flow rates. 
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Increasing the flow rate to the cone increased the PM deposition rate and the 

pressure drop in the inlet channels. Hence, the inlet radial velocity profile became less 

uniform. Figure 6.4 describes the normalized inlet velocity profile, V(r)/V(0), for three 

different feed flow rates at a PM load of 0 g/L. The initial velocity profile in a clean DPF 

is determined by the frictional pressure drop in the various flow channels and that 

through the filter wall. As the total feed rate to the DPF increased, the pressure drop 

increased and the initial radial entry velocity profile became less uniform. The amplitude 

of the non-uniformity became larger as the flow rate increased. Similar to the case shown 

in Figure 6.2, the maximum velocity occurred at the DPF center and a local minimum 

formed at r/R~ 0.7. The velocity then increased close to the wall.  

6.2.2 Impact of the cone on DPF regeneration 

The PM load is periodically removed by combustion (regeneration) that generates 

a moving temperature wave. Radial inlet velocity profiles and filtration velocity at three 

axial positions z/L=0, 1/2 and 1 are shown in Figure 6.5 at t=0, 20 and 40s after the start 

of the regeneration. The average remaining PM load at these times is 100, 34, and 0.2% 

of the initial deposit. After complete regeneration the inlet velocity becomes identical to 

that in a clean DPF (Figure 6.2). The regeneration is started by directing a hot gas 

mixture into the DPF. The inlet channels in the DPF center are the first to heat up. This 

increases their flow resistance and the radial flow velocity becomes slightly more 

uniform for a short period. The PM in the central region is ignited first and is combusted 

at a higher rate than that at the exterior region. As a result the flow becomes less uniform 

with the highest entry velocity in the center.  
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Figure 6.5: Radial (a) inlet velocity and (b) filtration velocity profiles at three times 

following start of PM regeneration under stationary feed conditions: Tin=600 
0
C, Flow 

rate=250 kg/hr, O2%=10%. 
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The right column in Figure 6.5b shows the radial variation of the filtration 

velocity at three axial locations during the regeneration. The variation in the radial 

filtration velocity is rather small before the regeneration starts, i. e. at t=0s. The radial 

filtration velocity profile at the end of the DPF (z=L) is slightly higher than that at the 

inlet. The profile at the DPF center is bounded between these two. At t=20s, 66% of the 

PM has been combusted and the radial filtration velocity at the upstream (in which most 

of the PM was combusted) became much higher than that at the downstream, while that 

in the DPF center was bounded between those at z=0 and L. At t=40s, all the PM in the 

central region has been burned, while a small amount of PM (0.2% of the initial load) 

remained in the downstream near the DPF wall, increasing the flow resistance at that 

area. After the PM was combusted in the central zone of the DPF, the highest filtration 

velocity occurred at the downstream and the lowest in the middle of the channel.  

Figure 6.6a shows the axial and radial temporal variation of the deposited PM at 

t=0, 20 and 40s after the start of the regeneration. The PM combustion proceeded by a 

moving temperature wave. In the simulations the temperature wave formed close to the 

upstream and its temperature increased as it moved downstream (Figure 6.6b). After 

complete PM combustion in the central region, some combustion still occurred close to 

the wall generating a local hot spot, the temperature of which exceeded those in all the 

other radial positions (Figure 6.6b at t=40s). Eventually the hot region exited the reactor.  
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Figure 6.6: Temporal (a) PM thickness and (b) temperature profiles at t=0, 20 and 40s 

after regeneration started under stationary feed conditions: Tin=600
0
C, Flow rate=250 

kg/hr, O2%=10%. 
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The temporal variation of the highest temperature of the moving temperature 

wave is described in Figure 6.7a. The temporal highest temperature at any location in a 

DPF fed by a cone is described by a solid line and the dotted line is the corresponding 

maximum temperature at the DPF center. The highest temperature was initially at the 

DPF center and it shifted towards the wall for t> 30s. The shift in the location of the 

highest temperature is described in Figure 6.7b. Due to the slow cooling of the filter by 

the exhaust gases, the effluents temperature exceeded that of the feed for some time after 

all the PM was combusted.  

 

 
Figure 6.7: (a) Temporal maximum regeneration temperature in a DPF fed by a cone and 

one fed without a cone (b) Radial position at which the temporal maximum temperature 

occurred in a DPF fed by a cone (solid line) and without one (dashed line). 



152 
 

A dashed line in Figure 6.7 describes the highest temperature in a DPF that is not 

fed by a cone. Figure 6.7b shows that the highest wave temperature in that DPF is always 

at its center. The highest temperature in a DPF with a cone reached its maximum at 

t=37s, while that in a DPF with no cone reached its maximum at t=42s. The highest 

temperature in a DPF fed by a cone was higher than that in a DPF not fed by a cone for 

all t<42s. However, the inverse occurred for t>42s.  

Figure 6.8 compares the dependence of the fraction of the remaining deposited 

PM on the regeneration time in a DPF fed with and without a cone. The time needed for 

any fractional reduction of the average PM load is slightly shorter in the DPF fed with a 

cone.  

 

 
Figure 6.8: Dependence of the fractional remaining PM on the regeneration time for a 

DPF fed by cone and one without a cone. 
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Figure 6.9: Dependence of peak regeneration temperature on the initial PM load for a 

DPF fed by a cone (solid line) and without a cone (dashed line). 

 

Moreover, as Figure 6.9 shows, the highest regeneration temperature attained at 

any fractional PM load in a DPF fed by a cone is higher than that in one not fed by a 

cone. In the case shown in Figure 6.9 the temperature difference under PM loading of 8 

g/L was about 75 
0
C. Such an increase in the temperature rise may be sufficient to cause 

local melting of the cordierite filter.  

A cordierite DPF may be damaged either by melting following a local transient 

temperature rise or by cracking due to thermal stress caused by a large temperature 

gradient. As Figure 6.10 shows the highest temporal radial and axial temperature 

gradients generated during regeneration of a DPF fed by a cone are higher than those in a 

DPF fed without a cone. This is expected as the highest temperature in a DPF fed by a 
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cone is higher than that of one which is not fed by a cone (Figure 6.9). The highest radial 

gradients are generated next to the wall at the downstream of the inlet channels shortly 

after the temperature inside the filter reaches its peak. The radial temperature gradients 

are larger than the axial ones. In the example shown in Figure 6.10 the highest axial 

temperature gradient in a DPF fed by a cone was attained at a shorter regeneration time 

than that in one which is not fed by a cone. The amplitude of the temperature gradients 

depends on the maximum regeneration temperature which is affected by the inlet cone, 

the inlet gas temperature and the heat loss through the insulated mat and can.  

 

 
Figure 6.10: Dependence of the maximum axial and radial temperature gradients on 

regeneration time in a DPF fed by a cone (solid line) and without a cone (dashed line). 
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It was assumed that the regeneration combusted all the PM in the DPF. The 

reason is that under our stationary regeneration conditions (Tin=600 
0
C, Flow rate=250 

kg/hr, O2%=10%) the PM combustion is rather fast and is completed in less than 3 

minutes. When not all the PM is combusted before a filtration is started, the residual 

small amount of PM next to the wall slightly increases the inlet velocity in the central 

inlet channels. This, in turn, slightly increases the rate of the PM deposition in the central 

inlet channels above that when the DPF is initially clean. This enhanced PM deposition 

causes the velocity profiles of a clean DPF and a partially regenerated DPF to rapidly 

become practically indistinguishable.  

The simulations in Figures 6.11 – 6.13 describe the impact of the cone on the 

highest regeneration temperature following changes in the operating conditions such as 

oxygen concentration, inlet gas temperature and exhaust feed rate. This information is 

essential for predicting how to avoid local filter melting due to temporal temperature 

excursion. Figure 6.11 shows that increasing the oxygen concentration increases the 

highest regeneration temperature in a DPF fed either with a cone or without it. The 

highest regeneration temperature in a DPF fed by a cone exceeds that of one fed without 

a cone. This difference becomes larger with increasing oxygen feed concentration. For 

example, in the case shown in Figure 6.11 the highest temperature differences due to the 

different feed configurations increased from 45 
0
C to 140 

0
C as the oxygen concentration 

increased from 3% to 15%. The high temperature predicted to occur with a feed 

containing 15% oxygen is sufficiently high to cause local cordierite filter melting. This 

high level of oxygen concentration may be attained following a shift of the engine to idle 

mode.
19-25 
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Figure 6.11: Peak regeneration temperature under different oxygen concentration in a 

DPF fed by a cone (solid line) and without a cone (dashed line). 

 

Figure 6.12 shows that the highest regeneration temperature is a linear increasing 

function of the inlet gas temperature when        
 

. The highest temperature attained in 

a DPF fed by a cone exceeded in this case by about 75 
0
C that attained in one fed without 

a cone. The flow rate affected the temperature in the DPF in two ways. Higher flow rate 

led to a faster and higher PM combustion rate, and higher flow rate increases the rate of 

heat removal. Moreover, an increase of the flow rate leads to a less uniform inlet velocity 

to the various channels during the regeneration. Figure 6.13 shows that a higher flow rate 

decreases the highest temperature attained in a DPF which is fed either by a cone or 

without one. In this example, the highest temperature attained in a DPF fed by a cone 

exceeds by about 80 
0
C that attained in one not fed by a cone at all feed flow rates.  
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Figure 6.12: Peak regeneration temperature dependence on inlet gas temperature for a 

DPF fed by a cone (solid line) and without a cone (dashed line). 

 

 

 
Figure 6.13: Peak regeneration temperature dependence on constant total flow rate 

comparison for a DPF fed by a cone (solid line) and without a cone (dashed line). 
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A typical automobile DPF length is between 8 to 12 inches. The effect of the DPF 

length on the pressure drop during the PM deposition is shown in Figure 6.14a. In a clean 

DPF, i.e. no initial PM load, the main source of the pressure drop is the frictional 

resistance in the flow channels. Figure 6.14a shows that this pressure drop is rather 

insensitive to the DPF length. After a PM layer is deposited the main pressure drop is due 

to the filtration through the filter wall and PM layer. When the DPF length is increased, 

the average filtration velocity through the layer is decreased due to the larger filter 

surface area. Thus the pressure drop decreases with an increase in the filter length.  

 

 
Figure 6.14: (a) Dependence of pressure drop during filtration for different DPF length 

and PM load (b) Comparison of peak regeneration temperature at different DPF length 

between a DPF fed by a cone (solid line) and one fed without a cone (dashed line). Inlet 

flow rate is 250kg/hr. 
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Figure 6.14b shows that at a fixed inlet velocity an increase in the DPF length 

increases the highest regeneration temperature. This was due to two effects. First, 

increasing the DPF length decreased the average filtration velocity, lowering the rate of 

the convective cooling by the feed. Moreover, the peak of the moving temperature wave 

became higher as it moved further downstream and its highest value was generally 

attained at the end of the DPF (see Figure 6.6). Thus, a longer DPF length led to a higher 

peak regeneration temperature.  

Restrictions on the total length of the DPF often dictate use of a rather short cone. 

The simulations show that under stationary operation conditions the maximum 

regeneration temperature was rather insensitive to variations of the cone length from 

25mm to 100mm. This indicates that a decrease in the cone length may be used to 

decrease the total length of a DPF unit.  

6.3 Discussion and concluding remarks  

The recently developed catalytic DPFs that simultaneously remove the PM and 

oxidize the effluent organic compounds are connected by a wide-angled cone to the 

engine exhaust pipe.
42-45

 The temperature rise in a DPF fed by a cone differs from one not 

fed by a cone. Knowledge and understanding of this difference in the performance of the 

two cases is essential for being able to predict the impact of the cone. Of special practical 

importance and academic interest is the finding that the maximum regeneration 

temperature in a DPF fed by a cone is quite higher than that in a DPF not fed by a cone.  

The cone leads to a non-uniform distribution of the flow among the DPF inlet 

channels with the highest velocity at the DPF center. The inlet velocity profile attains a 
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local minimum close to r/R ~ 0.7. Increasing the total flow rate to the cone increases the 

non-uniformity of the inlet velocity to the various channels. The inlet velocity to the 

various channels becomes more uniform following PM deposition. By the end of the PM 

deposition cycle, the thickest PM deposit is located at the center of the DPF. A second 

local maximum in the deposited layer thickness forms close to the wall. In contrast, when 

a DPF is not fed by a cone, the same PM deposit thickness forms in almost all inlet 

channels. A slightly higher PM layer thickness forms in the channels next to the wall 

because of the increased inlet velocity caused by the wall heat loss which decreases the 

gas viscosity.  

The highest regeneration temperature inside a DPF fed with a cone exceeds that in 

one not fed by a cone. In the example shown in Figure 6.7, this difference is about 75 
0
C. 

Using a cone causes the regeneration to be slightly faster than when a cone is not used. 

Similarly, the use of a cone increases the maximal radial and axial thermal stress in the 

DPF. However, under stationary operation the magnitude of these stresses is not 

sufficient to crack the cordierite filter. An interesting finding is that the maximal radial 

temperature gradient and hence thermal stress are encountered in the downstream section 

of the DPF close to the wall and happen shortly after the temperature inside the filter 

reaches its peak and before the regeneration is completed.  

Under stationary operation the highest regeneration temperature in a DPF fed 

either with or without a cone is strongly affected by the initial PM load, the oxygen 

concentration, the inlet gas temperature and the inlet gas flow rate. The highest 

temperature in a DPF fed with a cone always exceeds that in one fed without a cone. The 

highest regeneration temperature increases upon increasing either the PM initial load, the 
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feed oxygen concentration or the inlet gas temperature. On the other hand, the highest 

regeneration temperature decreases upon an increase in the total feed flow rate. The 

differences between the highest regeneration temperatures between the two cases are 

rather insensitive to variations of either the feed gas temperature or the feed flow rate. 

However, they are sensitive to the initial PM load and inlet oxygen concentration. In the 

example presented in Figure 6.9 the difference between the highest regeneration 

temperatures was 175
0
C for a 4 g/L initial deposit. The lowest difference of 75 

0
C 

occurred for a PM load of 8 g/L. An increase in the oxygen feed concentration from 3% 

to 15% increased the highest regeneration temperature difference between the two feed 

configurations from 45 
0
C to 140 

0
C. An increase in the DPF length increased the 

maximum regeneration temperature (Figure 6.14), as it decreased the average filtration 

velocity and the peak temperature became higher as it moves further downstream.  

Regeneration temperatures exceeding 1200
0
C (the melting temperature of 

Cordierite) were predicted under stationary operation only for oxygen concentrations 

exceeding 15% and exhaust flow rate lower than 100 kg/hr. These operation conditions 

are unlikely to be encountered under common driving conditions. However, rapid 

changes in the driving mode may lead to transient regeneration temperatures largely 

exceeding those obtained under stationary driving mode. This event may occur for 

example following a rapid deceleration of a car and a shift to idle.
19-25

 The impact of the 

cone on the highest temperature rise during transient operation will be the subject of 

Chapter 7.  

 

 



162 
 

Chapter 7 Inlet Cone Effect on DPF Regeneration  

upon a Rapid Drop to Idle  

7.1 Introduction 

The impact of the inlet cone on the deposition rate and the regeneration 

temperature as well as on the transient inlet velocity distribution among the various DPF 

channels was studied in the last chapter. Those simulations predicted that the PM 

deposition in a DPF fed by a cone is highly nonuniform with the maximum PM thickness 

in the center and a second maximum formed close to the wall. The corresponding 

maximum regeneration temperatures are much higher than those in a DPF with no cone. 

Chapter 6 shows that the maximum regeneration temperature in a DPF with a cone can 

exceed 1200
o
C (the melting temperature of cordierite DPF) under stationary operation of 

a very high oxygen concentration exceeding 15% and exhaust gas flow rate lower than 

100 kg/h. These high oxygen concentration and low exhaust gas flow rate conditions are 

unlikely to be encountered under common driving conditions. However, rapid changes in 

the driving mode may lead to exhaust conditions different from those obtained under 

stationary driving mode, for example following a rapid deceleration of a car or a shift to 

idle. The goal of this study is to determine the impact of the inlet cone on the highest 

temperature rise following a rapid shift to idle.  

The maximum temperature rise following a sudden step change in the feed is 

affected by the rate of the change and by the time when the change occurs. The largest 

temperature excursion occurs when the shift is rapid, i.e. a step change rather than a 
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ramp. The magnitude of the temperature rise decreases if the change in the feed 

conditions is reversed before the transient temperature excursion reaches its maximum, 

which is of the order of 2-3 minutes in the examples we considered. The maximum 

temperature depends on the time when the feed conditions are changed, the largest 

occurring when the peak of the temperature wave is close to the middle of the DPF length 

(z/L=0.5).
23

  

The goal of our simulations is to determine the impact of using a cone to feed the 

DPF on the amplitude of the transient temperature rise following a rapid shift to idle and 

of the conditions affecting its amplitude. Thus, the simulations were conducted assuming 

that after the step change occurred the feed conditions remained unchanged until the 

maximum temperature excursion occurred. Moreover, the step change occurred when the 

peak of the temperature wave was in the middle of the DPF. Thus, the reported 

temperature excursions provide a conservative estimate of the largest amplitude of the 

temperature rise following a rapid shift to idle drive conditions.  

7.2 Impact of the cone on DPF regeneration following DTI 

Simulations were conducted to determine the impact of using a cone to feed a 

commercial cordierite DPF. Setups of the DPF and inlet cone are described in Chapter 6 

(Figure 6.1 and Table 6.1). As described in Chapter 6, the PM deposit was generated by 

filtration of exhaust gas containing 0.02gr PM/kg fed at the rate of 250 kg/h through the 

inlet cone. In all the following simulations, unless otherwise stated, the regeneration was 

started after an average PM deposition of 6 g/L. Initially the PM regeneration was 

conducted under the initial inlet conditions: 
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T(0) = 550
o
C,     F(0) = 250kg/h,     O2(0) = 7% .                         (7.1) 

After the peak of the temperature wave reached the middle of the DPF, simulated a rapid 

shift to idle by a step change of the inlet conditions to 

T(D) = 300
o
C,     F(D) = 50kg/h,     O2(D) = 15% .                        (7.2)  

Typical axial and radial variations of the temperature and deposited PM during 

the regeneration are shown in Figure 7.1. The PM combustion proceeded by a moving 

temperature wave (Figure 7.1a) that formed close to the upstream. Its peak temperature 

increased as it moved downstream. The inlet conditions were step changed 22.5s after the 

start of the regeneration. At that time the temperature wave reached the middle of the 

DPF (z = L/2). The PM profiles in Figure 7.1b show that initially the regeneration 

consumed the PM in the upstream of the DPF and propagated downstream. After the step 

change of the inlet conditions, the PM combustion slowed down. The highest peak 

temperature was attained at the end of the DPF at t=140s. Subsequently the hot region 

slowly exited the reactor due to the cooling of the filter by the exhaust gas. At t=140s, 

some unburned PM remained in the DPF front and rear part. The remaining PM near the 

DPF exit eventually was combusted during the DPF cooling. However, unburned PM at 

the DPF front was not combusted by the end of the regeneration. During the next PM 

filtration the small amount of residual PM increased the flow resistance in these flow 

channels. This increased the filtration velocity and PM deposition in the channels in 

which all the PM was burned during the previous regeneration. This caused the axial and 

radial deposited PM profiles at the end of the filtration step in a previously partially 

regenerated filter to be indistinguishable from those in a clean DPF.  
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Figure 7.1: Spatial (a) temperature and (b) PM deposit at four times in a DPF fed with a 

cone following a step change in the feed conditions 22.5s after the start of the 

regeneration.  
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Figure 7.2: Radial inlet velocity at different times after start of PM regeneration in a DPF 

fed by a cone. 

 

Temporal radial inlet velocity profiles are shown in Figure 7.2 at 0, 22.5, 100 and 

150s after the start of the regeneration. The average remaining PM load at these times 

was 100, 49, 2.2 and 0.5% of the initial deposit. The entry velocity into the DPF channels 

at the start of the regeneration (t=0s) was nonuniform with the highest at the DPF center 

(Figure 7.2a). The velocity into the inlet channels decreased with distance from the axis, 

reaching a local minimum at r/R ≈ 0.7 and then increased close to the wall. As explained 

in the last Chapter, this velocity increase next to the wall was caused by the radial 

pressure increase next to the wall that pushed the fluid through the exterior inlet channels. 

Similar features were also observed in experiments and simulations of the flow through a 
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monolith fed by a high-angle diffuser
91

.  The locus of the velocity into the inlet channels 

are shown as a continuous line in Figure 7.2a. For simplicity, just the velocity locus is 

shown in the other figures. Following a step change in the inlet conditions at t=22.5s, the 

average velocity decreased as the inlet flow rate and inlet temperature decreased. A 

velocity drop near the wall, shown by Figure 7.2b at t=22.5s, was caused by the radial 

heat loss that decreased the PM regeneration rate near the flter wall. By the end of the 

regeneration, the inlet velocity became identical to that in a clean DPF with a lower 

average inlet velocity.  

7.3 Impact of the cone on peak temperature rise following DTI  

Figure 7.3b shows by a solid (dashed) line the temporal variation of the maximum 

regeneration temperature at any location in a DPF fed by a cone (without a cone) 

following a rapid change in the inlet conditions at t=22.5s. For comparison, the transient 

maximum regeneration temperature under stationary feed defined by Eqn. (7.1) is shown 

in Figure 7.3a. The shift to idle operation increased the peak regeneration temperatures 

from 958
o
C (stationary feed) to 1274

o
C (transient feed) for a DPF with a cone and from 

927
o
C (stationary feed) to 1140

o
C (transient feed) for a DPF without a cone. The peak 

temperature increase following the step change in a DPF fed by a cone exceeded by 

134
o
C that in one not fed by a cone. The highest regeneration temperatures following a 

step change in a DPF not fed by cone were usually lower than the cordierite DPF melting 

temperature of 1200
o
C. In contrast, the highest predicted temperature in a DPF fed with 

cone following a step change exceeded 1200
o
C. The shift to idle operation increased the 
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regeneration time. In the case shown in Figure 7.3, the DPF regeneration was completed 

in about 75s under stationary feed, while it took 200s following the step change to idle.  

 

 
Figure 7.3: (a) Temporal maximum regeneration temperatures by a stationary feed 

defined by Eqn. (7.1) in a DPF fed by a cone (solid line) and one without a cone (dashed 

line), (b) temporal maximum regeneration temperatures following DTI (from Eqn. (7.1) 

to Eqn. (7.2) at t=22.5s) in the two types of DPF configurations, (c) radial position at 

which the temporal maximum temperature occurs following DTI in a DPF fed by a cone. 
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The radial positions at which the temporal maximum temperatures were reached 

in a DPF fed by a cone following a shift to idle are shown in Figure 7.3c. This maximum 

temperature was initially reached at the DPF center. It shifted for t > 59s to inlet channels 

at other radial positions. The maximum temperature reached its peak at t=140s in channel 

#5 (r/R ≈ 0.25). In contrast, the highest temperatures in DPF not fed by a cone were 

always at its center and the maximum was reached at t=113s.  

A DPF filter may be damaged by a local high transient temperature rise either by 

melting or by cracking.
37,40,57,82,92 

The temperature gradients for a DPF with a cone were 

always higher than those in DPF not fed by a cone. The highest temporal radial and axial 

temperature gradients generated during regeneration of a DPF fed by a cone following a 

shift to idle operation were much higher than those under stationary operation. This was 

expected as the highest temperature following a shift to idle was higher than that under 

stationary operation. In the case shown in Figure 7.3a and b, the temperature excursions 

following a shift to idle increased at most by 30%. Figure 7.4 shows that this shift can 

more than double the corresponding temperature gradients. The radial temperature 

gradients were larger than the axial ones under stationary feed. However, the axial 

temperature gradients were almost as large as the radial gradients following a shift to 

idle. The largest axial and radial temperature gradients were generated near the end of the 

DPF, so that a thermal crack is mostly expected to occur there. The amplitude of the 

temperature gradient depends on the maximum regeneration temperature which is 

affected by the inlet cone, the heat loss through the insulation mat and the initial PM 

distribution.  
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Figure 7.4: Comparison of the temporal maximum radial (solid line) and axial (dashed 

line) temperature gradients in a DPF fed by a cone under stationary feed and that 

following a shift to idle. 

 

Figure 7.5 compares the temporal axial temperature profiles in channel #1 in a 

DPF fed by a cone (solid line) with that in one not fed by a cone (dashed line). The 

maximum regeneration temperature in channel #1 fed by a cone always exceeds that in 

channel #1 which is not fed by a cone. The temperature differences between the two 

cases increased as the temperature waves propagated downstream. The highest 

temperature difference between the two cases shown in Figure 7.5 was 122
o
C attained at 

the end of the DPF. This difference is caused by the difference in the inlet velocities and 

of the PM deposit thickness following the filtration step. 
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Figure 7.5: Spatial-temporal temperature profiles in channel #1 during PM regeneration 

in a DPF fed with a cone (solid line) and without one (dashed line). Shift to idle at 

t=22.5s. 

 

Figure 7.6 compare the temporal inlet velocity to the central channel of the two 

cases. Before the shift to idle at t=22.5s the inlet velocity to channel #1 in a DPF fed by a 

cone exceeds that in the one not fed by a cone. As the DPF heats up at the beginning of 

the regeneration, channel #1 in a DPF fed by a cone (solid line) heats up faster than the 

surrounding channels because of the higher inlet gas flow rate. Therefore, initially the 

increased flow resistance in the center decreased the inlet velocity in channel #1. As the 

temperature increased faster in channel #1, the deposited PM in it started to burn first and 

at a higher rate. Eventually the flow resistance decreased as the PM burning became 
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dominant, and the inlet velocity in channel #1 started to increase. In contrast in a DPF not 

fed by a cone (dashed line), the inlet velocity to the center channel #1 remained 

essentially constant before shifting to idle. After the step change (at t=22.5s in Figure 7.6) 

the two inlet velocities (V1) became identical and V1 in the DPF fed by a cone gradually 

became slightly higher towards the end of the regeneration.  

Figure 7.7 compares the PM thickness profiles during the DPF regeneration in 

channel #1 fed by a cone (solid line) with the one not fed by a cone (dashed line). At the 

start of the regeneration (t=0s)  the PM layer thickness in channel #1 fed by a cone is 

Figure 7.6: Comparison of the inlet velocity into central channel #1 during the 

regeneration under a feed with a cone (solid line) to that without one (dashed line). Shift 

to idle at t=22.5s. 
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higher than in the one not fed by a cone due to the higher inlet velocity during the 

filtration step. Comparison of the PM profiles in channel #1 at t=10s and 20s, i.e. before 

the step change to idle, indicates that the PM combustion in the DPF fed by a cone was 

faster than the one not fed by a cone. By t=20s, the upstream PM (z < 40 mm) in the DPF 

fed by a cone was thinner than that in the one not fed by a cone even though the initial 

PM load was higher in the DPF fed by a cone. However, the PM in the downstream of 

channel #1 in the DPF fed by a cone was still higher than that in the DPF not fed by a 

cone before the shift to idle at t=22.5s. After the DTI the PM burned at almost a similar 

rate in both cases.  

 

 

 
Figure 7.7: Comparison of temporal PM layer thickness in the central channel #1 during 

regeneration of a DPF fed with a cone (solid line) to that not fed by a cone (dashed line). 

Shift to idle at t=22.5s. 
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7.4 Impact of various design and operating variables  

The above DTI simulations were conducted for a DPF with an initial PM load of 

6g/L. Additional simulations determined the dependence of the initial PM loading and the 

form of DPF feed on the maximum regeneration temperature rise following a step change 

to idle. As predicted, a DPF fed by a cone led to higher peak regeneration temperatures 

than the one not fed by a cone following a shift to idle under all PM loadings. Obviously, 

when PM=0 g/L no regeneration occurs and in both cases the temperatures are equal to 

that of the feed. When some PM load exists at a low PM loading the flow distribution 

among the inlet channels for a DPF fed with a cone is rather non-uniform with the highest 

flow and PM deposition occurring in the center. This causes the highest temperature in a 

DPF with a cone to exceed that in one without a cone.  

The highest regeneration temperature following a step change to idle reached a 

maximum at an intermediate PM loading of about 6 g/L for a DPF fed by a cone and 8 

g/L for one not fed by a cone (Figure 7.8). At a low initial PM loading, as abundant of 

oxygen was available for the PM oxidation, the limiting reactant was the PM. Increasing 

the PM loading increased the oxidation rate and hence the heat generation. Therefore, the 

highest regeneration temperature following a step change to idle was a monotonic 

increasing function of the initial PM loading at low PM loadings. At a PM loading above 

6 g/L for a DPF fed by a cone and 8 g/L for one not fed by a cone, the highest 

regeneration temperature monotonically decreased following a shift to idle. This decrease 

in the highest regeneration temperature upon an increase in the PM loading occurred only 

following a step change to idle. It is due to the large decrease in the flow rate and feed 



175 
 

temperature upon the step change to idle. When the shift to idle operation started, most 

PM in the upstream was combusted leaving large amount of PM in the downstream (see 

Figure 7.1b). Higher initial PM loading led to higher residual PM amount and hence 

higher downstream flow resistance. This pushed more flow to the upstream and 

decreased the availability of oxygen and hence the reaction rate. The PM combustion in 

the downstream was incomplete in these cases, even though the feed oxygen 

concentration increased following the step change. The resulting incomplete downstream 

combustion decreased the highest regeneration temperature with increasing PM loading 

following a step change to idle. Due to the decrease in the peak regeneration temperature 

between the two cases at high PM loading, the maximum difference between the two 

Figure 7.8: Dependence of the peak regeneration temperature on the initial PM loading for 

a DPF fed by a cone (solid line) and one with no cone (dashed line) following a step 

change to idle from Eqn. (7.1) to Eqn. (7.2).  
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cases following a rapid shift to idle was at some intermediate initial PM loading. For the 

simulations shown in Figure 7.8 a maximum difference of 204°C occurred for an initial 

PM loading of 4 g/L.  

The highest regeneration temperature depends on the initial average PM deposit 

as well of the values of the simultaneous step changes in the feed temperature, flow rate 

and oxygen concentration. In all the previous simulations the original inlet conditions 

were T(0) = 550
o
C, F(0) = 250kg/h, O2(0) = 7%. Additional simulations (Figures 7.9 - 

7.11) were conducted to determine which of the initial feed conditions T(0), F(0) and 

O2(0) had the most dominant effect on the temperature excursions. In all these 

simulations the initial PM loading was 6 g/L and the step change shifted the feed to T(D) 

= 300
o
C, F(D) = 50kg/h, O2(D) = 15%.   

Figure 7.9 shows that the highest regeneration temperature is a monotonically 

increasing function of the initial inlet gas temperature in a DPF fed either with or without 

a cone. However, unlike the case of a stationary feed, the temperature rise in the DPF was 

not a linear function of the feed temperature. The highest temperature attained in a DPF 

fed by a cone always exceeded that attained in one not fed by a cone. The highest 

temperature difference of 236
o
C occurred when the initial inlet temperature was 500

o
C. 

The lowest temperature difference of 134
o
C occurred when the initial inlet temperature 

was 550
o
C. The decrease of the initial inlet temperature decreases the maximum 

regeneration temperature, and this may avoid local DPF melting. However, a large 

decrease in the feed temperature may significantly decrease the combustion rate so that 

the regeneration will not consume all the PM. 
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Figure 7.9: Peak regeneration temperature dependence on the initial inlet temperature 

following a step change to idle in a DPF fed by a cone (solid line) and one without it 

(dashed line). Other properties are F(0) = 250kg/h, O2(0) = 7% and T(D) = 300
0
C, F(D) = 

50kg/h, O2(D) = 15% and PM=6g/L. 

 

Figure 7.10 indicates that the maximum regeneration temperature attained in a 

DPF fed either with or without a cone are rather insensitive to variations in the initial 

inlet flow rate, F(0). The reason is that the increase in the heat generation upon an 

increase in F(0) is almost the same as the increase in the heat removal by convection from 

the DPF. For example, the maximum regeneration temperature obtained inside the DPF 

with an inlet cone before the shift to idle was 860
0
C, 869

0
C and 878

0
C for F(0) equals to 

250kg/h, 150kg/h and 50kg/h, respectively. Hence, upon a shift to idle to the same flow 

rate F(D), oxygen concentration O2(D) and feed temperature T(D), the maximum 
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regeneration temperatures are almost the same. The regeneration temperature following 

the shift to idle is however sensitive to the new decreased feed flow rate, F(D).  

The simulations showed that in a DPF fed by a cone following a step change to 

idle the highest regeneration temperatures always occurred in the DPF central region 

where r < 0.5R. Under the specific cone geometry and regeneration conditions here, an 

increase in the initial oxygen concentration from 0% to 8% following a shift to idle in a 

DPF fed by a cone increased the maximum regeneration temperature. However, 

increasing the initial inlet oxygen concentration from 8% to 15% caused a small decrease 

Figure 7.10: Peak regeneration temperature dependence on the initial inlet flow rate 

following a step change to  idle of a DPF fed by a cone (solid line) and one without it 

(dashed line). Other properties are T(0) = 550
0
C, O2(0) = 7% and T(D) = 300

0
C, F(D) = 

50kg/h, O2(D) = 15% and PM=6g/L. 

 

 



179 
 

in the maximum regeneration temperature. This behavior was caused by the opposing 

impact of the increase in the heat generated by the PM combustion and the increase in the 

heat convected by the exhaust gases. As the oxygen concentration was increased, more 

heat was generated, especially in the DPF central region because of the higher flow rate 

there when the DPF is fed by a cone. The PM combustion in the central region decreased 

the flow resistance, which, in turn, increased the flow through the central channels. When 

the oxygen concentration was increased from 0% to 8%, the increase in the combustion 

heat was higher than the increase in heat removal by convection. However, at oxygen 

concentration exceeding 8%, the increase in the heat removal exceeded the increase in the 

heat generated by the PM combustion. This caused a slight decrease in the maximum 

regeneration temperature with increasing oxygen concentration.  

However, in a DPF fed without an inlet cone (dashed line in Figure 7.11) a higher 

initial oxygen concentration always increases the peak regeneration temperatures. The 

opposing impact of the change in the oxygen concentration on the heat generation and 

heat removal which occurred in a DPF fed with cone did not occur in a DPF not fed by a 

cone. The reason is that in a DPF fed by a cone the velocity to inlet channels depends on 

the radial position and is time dependent. However, in a DPF not fed by a cone, the inlet 

velocity and the PM layer in all the channels are identical. Hence, when the heat 

generation increased with the increased oxygen concentration, the change in the rate of 

the heat removal was rather small. Hence, the maximum regeneration temperature for 

DPF without an inlet cone always increased as the oxygen concentration increased. 

However, the rate at which this peak temperature increased was initially increased then 

decreased upon an increase in the oxygen concentration. It is because the reaction rate 
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depends mainly on the oxygen concentration under low initial oxygen concentrations.
82

 

When the oxygen concentration is high, the PM loading had a major effect on reaction 

rate.    

The highest regeneration temperature in a DPF fed by a cone exceeded that of one 

fed without a cone including under 0% initial oxygen concentration. When the initial 

oxygen concentration is 0%, no reaction occurs. Following a shift to idle, the inlet gas 

temperature was lowered to 300
o
C while the oxygen concentration was increased to 15%. 

Because the oxygen concentration wave travels faster than the temperature wave, a 

Figure 7.11: Peak regeneration temperature dependence on the initial oxygen 

concentration following a step change to idle of a DPF fed by a cone (solid line) and one 

without it (dashed line). Other properties are T(0) = 550
0
C, F(0) = 250kg/h and T(D) = 

300
0
C, F(D) = 50kg/h, O2(D) = 15% and PM=6g/L. 
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reaction occurs in the still hot DPF regions. Since the initial PM loading in the center 

inlet channel in a DPF fed with cone is higher than that in a DPF not fed by a cone, it 

attains a higher PM regeneration temperature. The highest temperature following a step 

change to idle for a feed containing initially more than 4% oxygen was sufficiently high 

to cause cordierite filter local melting in a DPF fed by a cone. Normally the oxygen 

concentration is around 7%. It is difficult to control the diesel engine initial oxygen 

concentration to be around 4% to avoid the filter melting in such an extreme case. 

Simulations examined how the idle state (T(D), F(D), O2(D)) affects the 

maximum regeneration temperatures when the initial feed is described by Eqn. (7.1). 

Table 7.1 reports the results of simulations in which two of the three idle states were 

changed leaving the third unchanged. The table reports the highest regeneration 

temperatures in a DPF fed with and without a cone. The highest regeneration temperature 

in a DPF fed by a cone occurred in case #1, in which the inlet temperature remained 

constant following the shift to idle operation, while the inlet flow rate and oxygen 

concentration were step changed. The second highest temperature occurred when all three 

inlet conditions step changed. The lowest maximum regeneration temperature was 

obtained when the oxygen concentration remained constant after the step change. 

Therefore, avoiding an increase in the oxygen concentration following a shift to idle is 

the most effective means to minimize the temperature excursion during the PM 

combustion. Zhan et al.
48

 described an effective method to maintain a constant oxygen 

concentration during transient regenerations. The highest regeneration temperature in a 

DPF not fed by a cone occurred following a step change of all three inlet gas properties. 
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The lowest was again obtained when the oxygen concentration was kept constant 

following the shift to idle. 

Table 7.1 shows another surprising impact of feeding the DPF by a cone on the 

temperature excursion following a step change. A comparison of the temperature rise in 

cases #1 and #2 indicates that a decrease in the feed temperature following a step change 

from 550
o
C to 300

o
C lowered the maximum regeneration temperature of DPF with cone 

by 46
o
C from 1320

o
C to 1274

o
C. However, in a DPF not fed by a cone the maximum 

regeneration temperature increased by 9
o
C from 1131

o
C to 1140

o
C. This difference in the 

response to the same step change is rather surprising and counter intuitive.  

 

Table 7.1 The maximum regeneration temperature dependence following a change from 

the initial inlet conditions, T(0) = 550
0
C, F(0) = 250kg/h and O2(0) = 7%, to a new feed 

state (T(D), F(D), O2(D)) with initial PM = 6g/L 

 
T(D) 

[⁰C] 

F(D) 

 [kg/h] 

O2(D) 

[%] 

max T 

with cone 

[⁰C] 

max T 

with no cone 

[⁰C] 

Case #1 550 50 15 1320 1131 

Case #2 300 50 15 1274 1140 

Case #3 300 250 15 1127 1077 

Case #4 300 50 7 1022 983 
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All previous studies neglected the channel entrance and exit pressure drop. 

Simulations were conducted to determine the impact of the entrance and exit pressure 

drop effects on the temperature rise in a DPF fed by a cone following a shift to idle. The 

simulations revealed that at the beginning of the filtration accounting for the entrance and 

exit effects increased the pressure drop at the center of the cone fed DPF by 2.0% and 

decreased the entry velocity into the center channel #1 by 7%. However, the velocity 

difference quickly dissipated after the start of the filtration. When the average PM 

loading was 6 g/L, the average PM thickness in the DPF center channel #1 accounting for 

the end effects was smaller by 0.72µm from that when the end effects were not accounted 

for. This difference is very small relative to the average PM layer thickness in channel #1 

at that instant (= 85.85µm). The DPF containing 6g/L PM was regenerated by a feed with 

an inlet temperature of 550°C. When the temperature wave peak reached the middle of 

the DPF, the inlet conditions are step changed from T(0) = 550
0
C, F(0) = 250kg/h, O2(0) 

= 7% to T(D) = 300
0
C, F(D) = 50kg/h and O2(D) = 15%. Accounting for the entrance and 

exit effects throughout the whole regeneration process increased the entry velocity to 

channel #1 by less than 0.5% and the maximum regeneration temperature by 0.2°C. 

Additional simulations conducted accounting and not accounting for the entrance and exit 

pressure drop also revealed that the flow distributions at the DPF inlet and maximum 

regeneration temperatures were essentially the same following a sudden shift to idle.  

7.5 Concluding Remarks  

A DPF is connected in various cases by a wide-angled cone to the engine exhaust 

pipe. Examples are the recently developed catalytic DPFs
42-45

 that simultaneously remove 
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the PM and oxidize the effluent organic compounds, and the new DPFs
46-49

 that reduce 

both the PM and NOx emissions. A potentially dangerous temperature excursion occurs 

following a rapid deceleration of the diesel engine or a sudden shift to idle. In these cases 

the increase in the oxygen concentration increases the rate of the heat generation, while 

the decrease in the flow rate decreases the rate of heat removal from the DPF. This may 

lead to a transient local excessive temperature rise. This study points out that the highest 

transient temperature rise following a step change to idle in a DPF depends on the way it 

is connected to the exhaust pipe and it is higher when the connection is by a cone. 

Simulations of the 2-D model enable prediction of the magnitude of this difference and 

its dependence on the operating conditions.  

The major impact of the cone on the DPF is that it leads to a difference in the 

entry velocity between inlet channels located at different radial positions. The highest 

velocity is to the channel at the DPF center. The inlet velocity attains a local minimum 

close to r/R ≈ 0.7 and becomes more uniform following the PM deposition. Due to the 

different entry velocities, following the PM deposition the thickest PM layer is at the 

center of the DPF. Another local maximum in the deposited layer thickness forms close 

to the DPF boundary wall. In contrast, when a DPF is not fed by a cone, the same PM 

deposit thickness forms in almost all inlet channels. A slightly thicker layer forms next to 

the wall due to the wall heat loss which decreases the gas viscosity, which, in turn, 

increases its velocity.  

The impact of the connection of the exhaust pipe to the DPF on the highest 

regeneration temperature is higher following a rapid step change to idle than under 

stationary feed conditions. In the example shown in Figure 7.3, the shift to idle increased 
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the peak regeneration temperatures from 958
o
C (stationary feed) to 1274

o
C in a DPF fed 

by a cone and from 927
o
C (stationary feed) to 1140

o
C in a DPF not fed by a cone. The 

peak regeneration temperature in a DPF fed by a cone exceeded the cordierite DPF 

melting temperature (1200
o
C) following a step change to idle. Similarly, a step change to 

idle led to transient radial and axial temperature gradients several times higher than under 

stationary regeneration (Figure 7.4). The increase in the thermal gradient is especially 

large in the axial direction, causing it to become almost as large as the radial one. An 

interesting finding is that the maximal radial and axial temperature gradients are both 

encountered in the downstream of the DPF. A thermal crack is mostly expected to occur 

at that location. 

The highest regeneration temperature in a DPF is strongly affected by the initial 

PM load, and the exhaust oxygen concentration, temperature and flow rate both before 

and after the step change to idle. The highest temperature in a DPF fed with a cone 

always exceeds that in one not fed by a cone. The most effective strategy to bound the 

regeneration temperature is to control the oxygen concentration after the step change to 

idle, to start the regeneration when the PM load is relatively low and to have a gradual 

shift rather than a step change to idle.  

The non-uniformity of the inlet velocities, which causes temperature rise in a DPF 

fed by cone to exceed that in DPF not fed by cone, depends on the ratio between the 

pressure drop in the cone to that in the DPF. The larger this ratio (which depends among 

others on the cone geometry, feed flow rate, DPF dimension and PM loading) the less 

uniform is the velocity among the inlet channels and the higher is the temperature 

increase following a shift to idle. In the cone used in the simulation (L’/R’=2) the 
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maximum excess temperature rise following a shift to idle was 1274-1140 =134
o
C. Using 

a longer cone (L’/R’=10) led to a much smaller temperature rise of 1214-1140 =74
o
C. In 

the limit of a very long cone the maximum temperature rise is equal to that of a DPF not 

fed by a cone. Simulations showed that following a shift to idle the flow distributions at 

the inlet channels and maximum DPF regeneration temperatures were insensitive to the 

channel entrance and exit pressure drop. 

The simulations revealed some non-obvious dependence on the operation 

conditions. First, in a DPF fed either with or without a cone, the highest regeneration 

temperature following a step change to idle increases monotonically with the initial PM 

loading for loading up to a critical value, but decreases upon a further increase. Second, 

as Figure 7.11 shows in a DPF fed by a cone the highest regeneration temperature 

following a step change to idle increases with the initial oxygen concentration up to a 

critical concentration but decreases upon a further increase of the initial oxygen 

concentration. This behavior was not observed in a DPF not fed by a cone. Last, when the 

inlet temperature was decreased from 550
o
C to 300

o
C, the maximum regeneration 

temperature for DPF with no cone increased by about 9
o
C compared to that from constant 

inlet temperature of 550
o
C, but this counter intuitive response did not occur in a DPF fed 

with cone. 
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Chapter 8 Conclusions and  

Recommendations for Future Work 

The PM emitted by a diesel engine is collected and then burned in a DPF. Two 

major technological challenges in the operation of the ceramic Cordierite filter are (i) 

lowering the pressure drop across the filter to decrease the fuel penalty and (ii) preventing 

formation of local high temperatures that can melt the DPF or generate a thermal stress 

that may cause cracking. Through analytical analysis and numerical simulations, this 

work provides insight on the DPF design and operating conditions that can achieve these 

two goals. 

1. Analytical expressions predicting the filtration velocity, pressure drop, filter heat-up 

time and speed and width of the temperature front in a DPF are presented. A more 

uniform filtration velocity with a lower pressure drop can be obtained by either 

decreasing the inlet velocity, increasing the channel hydraulic diameter or under 

constant DPF volume and flow rate by increasing the DPF aspect ratio (D/L). The 

DPF heat transfer properties depend on the heat capacitance ratio (  ) and the 

effective heat Peclet number          as well as on the hydraulic parameters. The 

speed of the temperature front can be increased by decreasing the DPF substrate 

thickness and volumetric heat capacitance. A higher value of       decreases the DPF 

front heat-up time and sharpens the temperature front. When       is smaller than 8, 

the temperature front covers the whole DPF length. When it is larger than 128, a 

sharp front forms covering less than 25% of the DPF length. The effective heat Peclet 

number attains a maximum value at an intermediate inlet velocity and channel 
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hydraulic diameter. Increasing the DPF aspect ratio (D/L) under constant DPF 

volume and flow rate helps achieve two important design targets, low pressure drop 

and a wide temperature front. 

2. A limiting two-phase two-channel model is used to derive explicit criteria predicting 

the inlet gas temperature and time needed to ignite the PM deposit in an initially cold 

DPF. The explicit predictions are in good agreement with simulations of the full 

model. Depending on the system design and operating conditions ignition may occur 

either at the upstream, middle or downstream. When the magnitude of the peak 

temperature is not a constraint, upstream ignition is the best option as it leads to a 

more rapid, efficient and complete combustion of the deposited PM. The peak 

temperature and thermal stress generated by a middle or downstream ignition are 

lower than those following an upstream one, but it may lead to incomplete 

regeneration. The peak regeneration temperature can be reduced with complete PM 

combustion by use of a two-step ignition (starting with downstream/middle ignition 

followed by upstream ignition).  

3. DPFs are regenerated by combustion of the accumulated PM. This can lead to high 

peak temperature which can damage the DPF. Guidance about how this peak 

temperature depends on the DPF design and operating conditions are presented. 

Simple criteria are developed for predicting the peak temperature of two limiting 

regeneration modes. One is the transverse regeneration mode during which the PM is 

consumed uniformly along the DPF and the axial temperature is close to uniform. The 

second is the axial regeneration mode under which a negligible temperature 

difference exists between the solid phase and the gas, the filtration velocity is highly 
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non-uniform and a sharp temperature front forms during the PM combustion. Most 

DPFs operate in the mixed regeneration mode, and their peak temperature is bounded 

between those predicted by the two limiting modes. The predictions of the behavior 

of the two limiting models provide useful guidance and bounds on any DPF design 

and operating conditions which will lower the peak regeneration temperature. For 

example, choices that widen the width of the moving temperature front decrease the 

maximum regeneration temperature under stationary feed conditions. A major 

technological challenge in the regeneration of the ceramic cordierite filter is that a 

sudden decrease of the engine load, referred to as Drop to Idle (DTI), may create a 

transient temperature peak much higher than under either the initial or final stationary 

feed conditions. The results for the stationary feed conditions suggest selections that 

decrease the peak temperature under stationary operation will also decrease the peak 

DTI temperature rise.  

4. Most previous studies of the temperature rise during the DPF periodic regeneration 

(combustion of the deposited PM) considered cases in which the inlet velocity to all 

the parallel channels was uniform. A wide-angled cone (diffuser) is sometimes used 

to connect the diesel engine exhaust pipe to the DPF leading to a non-uniform 

velocity to the inlet channels, with the highest attained at the DPF center. A PM 

deposition and regeneration computational model is used to investigate the impact of 

the inlet cone on the DPF behavior under stationary feed conditions. The cone led to 

mal-distribution of the deposited PM, with the highest thickness in the DPF center. 

The highest regeneration temperature when using an inlet cone may be quite higher 

than when it is absent. Moreover, the inlet cone can generate higher temperature 
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gradients and the resulting thermal stresses may crack the ceramic support. The 

largest radial thermal gradients are encountered close to the wall in the downstream 

section of DPF, shortly after the temperature inside the filter reaches its peak. The 

cone leads to a slightly faster regeneration than when it is not used.  

5. The inlet cone effect on the DPF regeneration following DTI was studied. 

Simulations revealed that following a rapid shift to idle the highest regeneration 

temperature in a DPF fed by a cone exceeded that in one not fed by a cone, which 

may exceed the cordierite DPF melting temperature (1200
o
C). Moreover, it may 

generate transient radial and axial temperature gradients several times higher than 

under stationary regeneration that may crack the cordierite DPF. The increase in the 

temperature gradient is especially large in the axial direction. One of the surprising 

findings is that the highest temperature attained following a step change to idle is not 

a monotonic function of the initial PM loading.  

As the environmental concerns keep increasing, DPF development continues. The 

PM deposition and regeneration model used in this work may not predict new DPF 

system behaviors. Some ideas relating to the future works of DPF are listed below:  

1. The oxygen concentration has a major impact on the peak regeneration temperature. 

Analyzing a model including the axial and radial oxygen diffusion terms will provide 

more accurate insight on the DPF design and operating conditions, especially when 

the PM oxidation reaction is oxygen limited. 

2. More detailed analysis of flow distribution in the channel using 2-D axisymmetric 

model with filtration at the wall.  
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3. Novel DPFs, which are coated with DOC catalysts that simultaneously remove the 

PM and oxidize the effluent organic compounds, and those coated with SCR catalysts 

that reduce both the PM and NOx emissions can reduce system costs and total device 

volume and weight. Modeling and optimizing the DPF structure and catalyst loading 

in these bi-functional DPFs is a very interesting and challenging topic.  

4. Current emission regulations lead to dramatic reductions of particulate mass, which 

mainly consists of accumulation mode PM (               ). Nuclei mode 

PM (        ), which makes up most of the total particle number (PN), are more 

harmful to human health than the larger particles. Regulations of PN in the US are 

expected in the near future. Hence, a study of the PM deposition process focusing on 

the PN filtration efficiency will become important.  

5. Study of combined operation of DOC and DPF and/or DPF and SCR. 
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