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ABSTRACT 

Diesel particulate filters are expected to be used on most 
passenger car applications designed to meet coming 
European emission standards, EU5 and EU6. Similar 
expectations hold for systems designed to meet US Tier 2 
Bin 5 standards. Among the various products oxide filter 
materials, such as cordierite and aluminum titanate, are 
gaining growing interest due to their unique properties. 
Besides the intrinsic robustness of the filter products a well 
designed operating strategy is required for the successful 
use of filters. The operating strategy is comprised of two 
elements: the soot estimation and the regeneration 
strategy. In this paper the second element is discussed in 
detail by means of theoretical considerations as well as 
dedicated engine bench experiments. The impact the key 
operating variables, soot load, exhaust mass flow, oxygen 
content and temperature, have on the conditions inside the 
filter are discussed. Their practical relevance and the 
ability to use them for control purposes is analyzed. 
Guidelines are presented that should be considered when 
applying oxide diesel particulate filters. The differences 
between oxides and materials with higher thermal 
conductivity are discussed with respect to the relationship 
between regeneration conditions and the achievable 
regeneration efficiency. Experimental data show benefits 
for oxide materials vs. SiC, expected to come from their 
low conductivity. For the regeneration strategy a simple 
approach is proposed and illustrated by means of 
examples. The benefits of a staged regeneration approach 
are discussed, using two temperature levels during the 
regeneration. 

INTRODUCTION 

The application of particulate filters to European 
passenger cars with diesel engines continues growing at a 
fast rate. For the next level of European emission 
legislation for passenger cars, EU5, it is expected that 
most diesel engines will have to be equipped with a diesel 
particulate filter to meet the further reduced emission 
standards. While most initial filter installations have been in 

the underfloor position, a trend can be observed that 
whenever possible the filter component is installed as 
close to the turbo outlet as possible (close coupled 
installation). Although beneficial for the operation due to 
the reduced heat losses and more passive regeneration, 
this integration into the engine compartment goes along 
with significantly tighter packaging constraints. As a result, 
filters are designed smaller than they have been in the first 
applications. Since the maximum soot capacity is usually 
related to the soot mass per volume of filter this may 
impact the operating strategy. Whereas for current 
European EU4 passenger car emission legislation the 
particle filter was not always required to meet the particle 
emission targets, this may change for the enhanced 
requirements of coming EU5 and especially EU6 and US 
Tier 2 Bin 5 regulations. Significantly reduced particulate 
emissions, mass and, at least in Europe, also number may 
have to be met in combination with longer lifetime 
requirements. To meet these requirements robust filter 
solutions as well as advanced filter operating strategies 
may be required. For the filter different materials are 
available today. While first passenger car applications 
included SiC filters, oxide based filter products, such as 
aluminum titanate and cordierite receive increasing 
attention [1]. Aluminum titanate filters (DuraTrap® AT) have 
been in series production since 2005 with more than 
750,000 filters already on the road today [2, 3]. Cordierite 
filters are a standard solution for heavy duty applications to 
meet current US 2007 regulations and are expected to be 
used in some passenger car series applications by 2008 
[4, 5].  

With respect to the operating strategy two key factors 
can be identified: (a) the estimation of the soot 
accumulated on the filter and (b) a robust and reliable 
regeneration strategy.  

Although significant progress has been made [11], the 
estimation of the soot load by open loop models or 
closed loop estimation based on a pressure difference 
across the filter is still subject to uncertainty. This is 
partly driven by the complexity of this task [6, 7], limited 
resources to apply and calibrate complex models as well 
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as inaccuracies in sensors (mass flow, temperature, and 
pressure) used for the estimation. Within this paper we 
will not discuss these topics but only consider the 
uncertainty in actual soot mass with respect to the 
relevance for the regeneration strategy. 

The regeneration strategy should allow for a reliable and 
safe burning of the accumulated soot under all driving 
conditions. It should also allow for a fast enough 
regeneration process but, at the same time, manage this 
burning rate within certain boundaries as it is 
accompanied by a significant release of heat. Options for 
this thermal management will be discussed in this paper. 
We will use theoretical arguments and simulation results 
as well as results from engine bench experiments with 
different engines and oxide diesel particulate filters 
(aluminum titanate and cordierite).  

GENERAL ANALYSIS OF THE FILTER 
REGENERATION PROCESS 

Under normal operation of passenger cars the exhaust 
conditions may not guarantee a continuous oxidation of 
soot by either oxygen or nitrogen dioxide. Therefore, 
active regeneration strategies may have to be applied. 
Today, these are based on increasing the temperature to a 
level where the oxidation with oxygen occurs at a sufficient 
rate (usually at T > 550-600°C) [5]. Fuel born catalysts can 
be used to lower the oxidation temperature [8]. However, 
many OEMs have chosen not to use this technology.  

An effective approach to analyze the regeneration 
process is to use a simple 0-dimensional model.. 
Although not capable of exactly describing all the 
phenomena occurring in a particulate filter it is well suited 
to understand the general trends, parameters and 
develop some strategies. The model is well described by 
a single energy balance and two mass balances, one for 
oxygen and one for the soot. 

 

 

 

 

 

with  

 

as simplified reaction rate expression for the oxidation of 
soot by oxygen. In this expression we have replaced the 
oxygen partial pressure by the mass fraction, as the 
pressure is assumed to be constant. The soot is 
represented by its mass, although the surface area 
would probably the more accurate parameter.  

From equations (1) through (4) we can identify the key 
operating variables for the active regeneration: 

• the soot mass on the filter,  

• the oxygen concentration, 

• the temperature,  

• the mass flow of the exhaust, 

The first two basically determine the amount of oxidation 
reaction that can take place, RC-O2. As the oxidation 
reaction is exothermic, they also determine how much 
heat can be released (first term in eqn. (1)). The soot 
mass is determined by the target value of the design and 
strategy, plus the uncertainty from the estimation, e.g. 
this is where the two key elements of the operating 
strategy, soot load recognition and regeneration, are 
linked with each other. The oxygen concentration, wO2,in, 
usually depends on the engine operation (especially the 
load) but can be manipulated to some extend through the 
use of EGR or intake air throttling as well as oxidation 
with additional fuel injected late in the combustion cycle 
or directly into the exhaust (note, that the latter 
“converts” the oxygen into temperature, one of the other 
key variables) [9]. Besides the oxygen concentration the 
oxygen mass (or mole) flow can be relevant, e.g. the 
product of oxygen concentration and exhaust mass flow 
(first term in eqn. (3)). This value represents one limit for 
the rate RC-O2 at which the oxidation of soot can take 
place. The rate of the oxidation reaction may be 
furthermore determined by the temperature in the filter 
(see eqn. (4), Arrhenius law). As can be seen from eqn. 
(1), this temperature is a function of the temperature of 
the exhaust gas that enters and leaves the filter (second 
term) and the heat released during oxidation (first term). 
As the reaction is exothermic the rate is self accelerated 
if eqn. (1) is positive, e.g. the heat released during the 
oxidation exceeds the heat removed. To achieve a 
sufficient reaction rate the exhaust gas temperature first 
may have to be raised to heat the filter. However, care 
has to be taken that the rate of reaction and heat release 
does not exceed the rate at which heat can be removed 
from the system. This requirement leads to the fourth key 
parameter, the mass flow. As the filter generally can be 
viewed as adiabatic (especially oxide filters with low 
thermal conductivity), the dominant mechanism for heat 
removal is by convection. The amount of convective heat 
flux is proportional to the mass flow and the filter 
temperature.  

During vehicle and engine operation, out of the four 
variables the oxygen concentration and mass flow can 
be influenced only within certain limits [5, 9]. The mass 
flow usually is directly related to the required power. It 
can be reduced but usually it is quite difficult to increase 
it. Similar constraints apply to the oxygen concentration.  
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The soot mass is determined by the target regeneration 
distance and the engine out emissions. Therefore, it is a 
variable that can be set to different targets but it is not a 
free operating variable during the regeneration. The impact 
of the soot load on the peak temperature within the filter is 
quite significant and may follow a roughly linear 
relationship (within typical ranges of soot loads). Examples 
for the impact of soot on the peak temperature are given in 
Figure 1. Shown are data obtained during drop to idle 
experiments with a EU4 engine and a catalyzed aluminum 
titanate filter. The typical slope of about 70°C increase in 
peak temperature per g/dm³ increase in specific soot load 
can be observed. This relationship will be used later for the 
design of a suitable strategy. 

Figure 1. Example for the relationship between peak 
filter temperature and initial soot load during drop to idle 
regenerations. Engine: EU4; filter: aluminum titanate. 
Symbols represent different filters and experiments. 

One relatively free variable to work with during the 
regeneration step is the exhaust gas or filter inlet 
temperature. During active regenerations the exhaust 
gas temperature may be increased anyway by modifying 
the engine operation.  

For this reason, strategies that use the inlet temperature 
as primary control variable are the focus of this paper. 

EXPERIMENTAL SETUP AND PROCEDURES 

The experimental data used in this paper were generated 
on the engine bench using different engines, all with 
modern EU 4/5 common rail fuel injection, cooled EGR, 
intercooler, intake air throttle etc. Cordierite and 
aluminum titanate filters in 300cpsi/15mil and 
300cpsi/13mil cell density/wall thickness, respectively, 
were used. The filters had different diameters and 
lengths, and were installed in close-coupled as well as 
underfloor type position. The filters were all instrumented 
with a large number of thermocouples to capture the 
maximum temperatures, the spatial temperature 
distribution and the maximum radial and axial 

temperature gradients. In all cases a DOC was used 
upstream of the filter. 

Only regeneration experiments are considered. The 
initial soot load was adjusted through a loading step on 
an engine bench. The actual soot mass was measured 
by weighing the filter and subtracting the clean weight. 
The loading was done to achieve the target soot load 
within roughly ±0.5 g/dm³. 

For the regeneration the filter was initially stabilized at 
250-300°C for a few minutes. Then the active 
regeneration step was activated. For steady state 
regenerations this mode was kept for a desired duration. 
For severe drop to idle regenerations the engine was 
switched into idle after a certain criterion was reached, 
either inlet temperature or time. Then the engine was 
kept in idle mode for several minutes. At the end of the 
regeneration the soot mass was measured again to 
determine the amount of soot burned. Then the filter was 
fully regenerated prior to the next test cycle. 

THEORETICAL ANALYSIS OF STRATEGIES 

In this section we will have a closer look at the impact the 
operating variables have on the thermal conditions within 
the filter. Modeling and experimental data will be used.  

In theory the maximum temperature that can be 
achieved in an ideal homogeneous system can be 
described by the adiabatic temperature rise assuming 
one of the reactants is limiting. At high oxygen 
concentration and sufficient flow, soot is the limiting 
reactant and the theoretical maximum temperature rise 
can be described by the adiabatic temperature rise 

based on soot combustion, eqn. (5). 

This value is independent of the mass flow as it assumes 
instantaneous oxidation of all soot (infinite rate, enough 
O2). The value is, however, related to the ratio of the soot 
mass and the heat capacity of the filter. 

If the oxygen concentration is low the rate of combustion 
is determined by the rate at which oxygen is supplied to 
the system and the rate with which the heat is removed 
by convection. Both are proportional to the mass flow, 
and the adiabatic temperature rise based on oxygen 
consumption is independent of the flow rate, eqn. (6). 

With XO2 being the conversion of oxygen. The maximum 
adiabatic temperature rise is obtained at full conversion, 
e.g. XO2= 1.  
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Both values represent limiting values for an ideal mixed 
(0D) system. In real filters the spatial effects leading to 
the propagation of a combustion front can lead to 
temperatures that exceed the adiabatic temperature rise. 
Using eqn. (5) and (6) to determine conditions under 
which the maximum temperature rise is limited by the 
soot available or the oxygen supplied to the system 
(assuming XO2= 1) can be a valuable exercise. Although 
the theoretical approach is limited by lack of spatial 
effects and information about the actual oxygen 
conversion (which is determined by kinetics) it should 
give directionally useful results. The soot and oxygen 
concentration at which the limit in adiabatic temperature 
rise is transitioning from the soot into the oxygen limited 
regime can be obtained from the combination of eqn. (5) 
and (6). We obtain a linear correlation in which the 
density of the filter is the only variable, as the heat 
capacity of the exhaust gas and most materials is 
assumed roughly constant. A plot of the transition 
conditions for different filter densities is shown in Figure 
2. The filter densities used, cover the range of typical 
products used today (note: the bulk density of the filter 
matrix only is assumed). For the conditions above the 
lines the maximum temperature rise is theoretically 
determined by the amount of soot present. Below the 
lines the oxygen concentration is limiting. Although the 
lines suggest a hard transition from one regime to the 
other, it has to be kept in mind that under practical 
conditions this transition will be more gradual. 
Nevertheless, the simplified analysis can help to obtain 
an indication of the generic regimes. 

Figure 2. Transition from soot to oxygen limitation in 
maximum adiabatic temperature rise (XO2= 1). 

From Figure 2 we can see that for typical soot loads and 
complete oxygen conversion one has to reduce the 
oxygen well below 10% to become limited in oxygen. 
Assuming a more realistic oxygen conversion of 50% 
shifts the limits to two times higher oxygen levels. Still 
oxygen levels well below 10% are needed. This result is 

in agreement with experimental results from engine 
bench and laboratory setups. Achieving such low oxygen 
concentrations is manageable during normal engine 
operation with some load applied to the engine. In idle 
and motoring, however, this is very challenging and can 
often not be warranted. 

In Figure 3 results obtained with the 0D model for steady 
state regenerations at a high initial soot load of 10g/dm³ 
are plotted, showing the effect of the inlet temperature 
and the oxygen concentration. Results are given for 
three typical mass flow rates of 50kg/h, 100kg/h and 
200kg/h representing slow urban, extra urban and 
highway driving (4 cylinder engines). Parameters used 
are given in Table 1. As the 0D model can not capture 
the axial accumulation of heat along the filter length the 
results should be considered as qualitative only (this will 
be discussed in more detail later).  

From Figure 3 we can see the effect of oxygen 
discussed before. At high inlet temperatures (e.g. 700°C) 
the reaction rate is fast. We can see that only below 5% 
oxygen a significant effect can be observed. Above the 
available soot limits the temperature increase. For lower 
temperatures this transition is similar but shifted to higher 
oxygen concentrations as the lower reaction rates lead to 
lower conversions.  

The effect of the inlet temperature can also be seen from 
Figure 3. In general there are two contributions on the 
maximum temperature. One is trivial and simply the 
modification of the baseline temperature onto which the 
temperature rise due to combustion is added. The other 
one is determined by the impact on the reaction rate and 
the ratio between heat released to heat removed by 
convection. From eqn. (1) and (4) one can see that the 
heat removed from the system is linearly proportional to 
the filter temperature and mass flow whereas the heat 
released is exponentially dependent on the filter 
temperature. Due to the exponential character the 
transition range is fairly narrow.  

Table 1. Basic model parameters used in 0D model.  

Parameter Value Unit 

Filter Volume 3 dm³ 

Filter Density 680 g/dm³ 

Filter Heat Capacity 0.8 J/gK 

Activation Energy 155 kJ/mol 

 

Comparing the results shown in Figure 3 (a) through (c) 
shows that the mass flow may also have an effect on the 
conditions under which the transition takes place. 
Another example, including some experimental data from 
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