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Stricter emission control legislation for diesel use has been increasing interest in highly 
eficient wall-flow particulate filters, The mathematical modeling of the filter regenera- 
tion process is indispensable in developing reliable and durable trap systems for various 
applications. Although modeling of wall-flow filters has been investigated extensively, 
significant problems still exist in the correlation of modeling results with measurements. 
This article describes an improved modeling and model tuning approach. A classical 
zero-dimensional regeneration model, modified to account for incomplete soot oxida- 
tion effects, is discussed, and existing and novel methods of estimating trap loading, 
crucial in all modeling applications, are compared. The design of a model tuning ap- 
proach based on full-scale experiments is highlighted with examples of model predic- 
tions during trap failure that show capabilities of supporting the design of trap protec- 
tion techniques. Applications to regeneration rate control, filter sizing and the develop- 
ment of on-board diagnostics are demonstrated with examples. Dimensional analysis is 
used for the concise quantitative evaluation of the parameters affecting the evolution of 
the regeneration process. 

Introduction 
The interest in diesel engine exhaust after-treatment sys- 

tems is expected to increase with stricter U.S. and European 
emission legislation amendments planned for the near future. 
The wall-flow particulate filter is the most efficient device for 
reducing diesel soot emissions, attaining filtration efficiencies 
of the order of 90% at nominal operation conditions (John- 
son et al., 1994). Specific application problems related to fil- 
ter durability have limited their use mainly to city buses, de- 
livery trucks, and forklift trucks. Further work is needed to 
develop trap systems suitable for a wider application to com- 
mercial vehicles or passenger cars (Merrion, 1994). 

The particulate trap concept has focused intensive re- 
search and development activities around the world, and a 
variety of systems are offered by various manufacturers 
(Hoepke, 1989; Stamatelos, 1991; Pattas et al., 1990; Rao and 
Cicanek, 1994). Any trap oxidizer system is based on a durable 
temperature resistant filter (the trap) which removes particu- 
late matter from the exhaust before it is emitted to the atmo- 
sphere. The accumulated particulate raises trap backpressure 
that is, the pressure difference across the trap necessary to 
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force the exhaust through it. The typical backpressure level 
varies with a different type of traps, and increases as the trap 
becomes loaded with particulate. High backpressure is unde- 
sirable, since it increases fuel consumption and reduces avail- 
able power. It is necessary to clean the trap periodically by 
burning off (oxidizing) the collected particulate. This process 
is known as regeneration (Weaver, 1984; Howitt and Mon- 
tierth, 1981). 

A significant soot oxidation without catalytic aids starts at 
temperatures between 500 and 600°C depending on exhaust 
flow rate and oxygen content. Exhaust temperatures of that 
order are observed only at high load operation of the diesel 
engine. They are scarcely attained in the driving cycles of the 
official tests (ECE-EUDC, FTP-75, etc.). Thus, special re- 
generation techniques that fall into three broad categories 
are employed (Lox et al., 1991): 

Thermal regeneration by use of engine measures or by 
the supply of external energy 

Catalytic regeneration (catalytically coated filter or fuel 
doping) 

Aerodynamic regeneration (using compressed air to re- 
move the soot). 
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The evolution of the soot combustion reaction in the first 
two categories of techniques is strongly affected by the ex- 
haust gas conditions; high reaction rates may result in too 
high temperatures and possibly filter failure. The problem of 
controlling efficiently the thermal regeneration rate is today 
the major obstacle for the wider application of particulate 
traps. The design of regeneration control systems must be 
supported by reliable mathematical modeling of the thermal 
regeneration process. Also, sizing and general design opti- 
mization of vehicle trap systems is a task that requires exten- 
sive modeling work. 

Significant research work during the last decade, focused 
on modeling thermal regeneration of particulate filters. The 
problem is very complicated, and significant difficulties exist 
in exploiting laboratory results (thermogravimetry) in the es- 
timation of kinetics parameters applicable to full-scale mod- 
els (Pattas and Michalopoulou, 1992; Hoffmann and Ma, 
1990). For this reason, a special engineering approach to the 
modeling problem has proven more effective. This approach 
is described in detail in this article. It must be emphasized 
that the approach comprises two equally important parts: 

The mathematical formulation of the model 
The formulation of a specific tuning methodology. 

This second tuning part is required in order to allow a rel- 
atively simple model to represent full-scale results with real 
trap systems. The tuning part is supported by a number of 
computational tools that assist the exploitation of full-scale 
experimental results in the estimation of critical model pa- 
rameters. 
In reference to the above, the main contribution described 

in this article is related to the adoption of a sound and sim- 
ple thermal regeneration model (Bissett and Shadman, 1985) 
with some improvements in the reaction kinetics section, and 
the formulation of a full methodology for its exploitation in 
representing real-world trap regeneration behavior. A novel 
approach for the estimation of trap loading based on energy 
balance calculations during regeneration is incorporated in 
the tuning methodology. The results are presented in dimen- 
sionless form and exploited as design rules. 

An important reason for adopting this simple zero-dimen- 
sional approach is its suitability for extension to model cat- 
alytic regeneration. This forms the subject of a future article 
which is considered as a followup to this one, covering the 
very complex problem of regeneration assisted by catalytic 
fuel additives. 

Modeling Thermal Trap Regeneration 
Since research on the application of trap systems started 

more than 10 years ago, there already exists a fairly large 
number of computer models for thermal regeneration of cel- 
lular ceramic filters. Here one must mention first the classi- 
cal work of Bissett and Shadman (1985) with a zero-dimen- 
sional model, along with its extension to a one-dimensional 
(1-D) model of a trap channel (Bissett, 1984). However, only 
relatively limited application of this model to real-world ap- 
plications has been presented so far (McCabe and Sinkevitch, 
1986). Other researchers also presented regeneration models 

1 later on (Gamer and Dent, 1988; Pattas and Samaras, 1989; 
I Pauli et al., 1984). Recently, a quasi-1-D model based on the 

one due to Bisset was extended to 2-D (axisymmetric) and 

coupled with an FEM stress analysis program to analyze 
thermal stresses in the filter (Aoki et al., 1993). However, it 
seems that the necessity still exists for a sound thermal re- 
generation model, tunable to real-world conditions and able 
to support the design of regeneration control systems. Such a 
model should obviously rely on accurate and realistic kinetics 
scheme and data, as well as on reliable thermophysical prop- 
erties data for the ceramic and soot. The control-oriented 
regeneration model adopted in this work is based on the 
well-established zero-dimensional approach of Bissett and 
Shadman (1985) chosen for its simplicity and soundness in its 
mathematical foundations, allowing the inclusion of more 
complex kinetic schemes for an extension to catalytic regen- 
eration which is currently underway. 

The model considers that the exhaust gas flows through 
two layers: the particle deposit, which shrinks uniformly with 
time during regeneration, and the porous ceramic channel 
wall (Figure 1). This simplifying model construction employs 
a single spatial variable x ,  whereas all variations in the direc- 
tion perpendicular to x are neglected. The uniform soot de- 
position assumed over the monolith channels is expected since 
the combined flow resistance of the porous wall and soot de- 
posit is typically much greater than the flow resistance of the 
open monolith channels. The assumption of equal exhaust 
gas temperature entering the deposit layer over the monolith 
channels is realistic for sufficiently high exhaust flow rates 
related to the monolith volume, considering that the conduc- 
tive heat transfer between the channel gas and the monolith 
walls is negligible compared to convective transport in the 
channels. This has been also proven experimentally by Lep- 
perhoff and b o o n  (1984). 

Typical diesel particulate consists mainly of a carbona- 
ceous core (soot formed during combustion), adsorbed com- 
pounds such as unburnt and partially oxygenated hydrocar- 
bons, sulfates (due to the oxidation of the sulfur contained in 
the fuel), and metal oxides (Huehn and Sauerteig, 1989; 
Moser et al., 1990). The solid part and the adsorbed hydro- 
carbons readily react with oxygen present in the exhaust gas 
at sufficiently high temperatures (over 500°C). However, in 
the most mathematical models for diesel particulate traps, it 
is assumed that the soot oxidation reaction can be repre- 
sented by the complete carbon oxidation. Several works 

Figure 1. Model geometry for a section of the filtration 
area of a wall-flow monolithic trap. 
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(Johnson et al., 1994) have shown that carbon monoxide is 
present in significant quantities in the reaction products. 
Considering the relatively high reaction enthalpy of CO oxi- 
dation, it is expected that the extent of soot incomplete oxi- 
dation could play an important role in the reaction heat re- 
leased during regeneration which affects the entire regenera- 
tion process. 

In this work, the kinetics submodel of the Bissett and 
Shadman (1985) approach is modified to account for incom- 
plete soot oxidation. In reality, carbon gasification is a two- 
step process 

1 
2 

C +  -0, -+ co 
1 
2 

co+ -0, -3 co, 

(1) 

(2) 

However, at the present stage we could not employ such a 
two-step scheme, because we lack sufficient kinetic and inter- 
nal diffusion data for the evolution of these processes in the 
specific and very complex type of reactor. Additionally, be- 
cause of both external and internal burning rates, soot gasifi- 
cation could alter the internal pore-size distribution of the 
soot layer, and thus fundamentally affect burnout rate. In or- 
der to overcome these problems, we keep the shrinking layer 
assumption and lump the unknown kinetics and internal dif- 
fusion parameters in an apparent one-step kinetic scheme 
taking into account incomplete oxidation based on the fol- 
lowing reaction 

c+ a o ,  -+ co,, (3a) 

or 

for region 1 (deposit) is calculated from the following rate 
expression 

k ,  = kTe-EflT (6) 

For the apparent activation energy E appearing in Eq. 6, sev- 
eral values have been proposed ranging from 80 to 160 kJ/mol 
(Pattas and Michalopoulou, 1992; Bissett, 1984; Pauli et al., 
1984; Hoffmann and Ma, 1990). Experimental evidence (Lep- 
perhoff and Kroon, 1984; Pattas et al., 1995; Pattas and 
Michalopoulou, 1992) implies that a value of 150 kJ/mol sat- 
isfactorily represents regeneration reaction behavior. Having 
adopted a value for the apparent activation energy, the factor 
k can be tuned accordingly to obtain good agreement be- 
tween calculations and measurements. Such a procedure is 
described in the following sections. 

Assuming that the gas temperature equals that of the solid 
phase very near the entrance region of the deposit layer and 
considering negligible heat losses to the surroundings, the en- 
ergy conservation equation can be formulated as below 

dT 
p.C . -=s .  -- k . p  +- A,- 

I d t  ]( :) ] d"x( I",)  

A H  indicates a combined reaction enthalpy resulting from 
the complete and incomplete oxidation of carbon, which is 
linked to a according to the relation 

c+ a o ,  -3 2 ( a  -OS)CO, +2(1- a)CO (3b) The rate of shrinkage of the deposit layer is proportional to 
the rate of oxygen consumption and inversely proportional to 

where a is an index of the completeness of the reaction tak- 
ing values from 0.5 to 1. The parameter a should, however, 

efficiency index a 

dw M, F ( t )  1 
[ y ( x  = 0) - y ( x  = - w l l -  

be-estimated beforehand. It must be mentioned that this esti- 
mation can be performed with good accuracy for the most 
practical cases of interest. A methodology for the assessment 
of the index a ,  based on routine regeneration experimental 
results with simple temperature recordings, will be presented 
in the following section. 

Mass exchange between exhaust gas flow and reactants or 
products is negligible compared to the exhaust flow itself. The 

(9) P I z = M , A  a 

The initial conditions for the system (Eqs. 5 ,  7 and 9) are 

T ( X ,  t = 0)  = Tb (10) 

conservation of-mass for- the exhaust gas can then be ex- 
pressed as w ( t  = 0)  = W b  (11) 

F ( t )  
p u  = - 

A 

The boundary conditions at x = - w are 
(4) 

y = Yl( t )  (12) 

Assuming that the reaction (Eq 3) is first-order in 0, and 
that diffusion is negligible compared to convection, the oxy- 
gen balance equation is 

d where F(t ) ,  y i ( t>,  and T,(t) are the known conditions of the 
- ( p u y ) = - s j k j p y a  d X  j = 1 , 2  exhaust gas. At x = ws 

where subscript j identifies regions 1 and 2. Since there is no 
reaction in region 2 (porous wall), k ,  = 0. The coefficient k ,  

dT 

dX 
0 -=  ( 14) 

1664 June 1996 Vol. 42, No. 6 AIChE Journal 



Using the dimensionless variables, the system can be written 
as follows for - b < X < bs, X # 0 

-dy -7cj(T)yff 
, j = 1 , 2  (15) F- = 

d X  T 

j = 1 , 2  (16) 

(17) 

with the boundary conditions for f = - b 

Y = Yi (18) 

and for R = Z, 

d T  _ -  - 0  
d,? 

(19) 

(20) 

The solution method for the above system of equations is 
presented by Bissett and Shadman (1985). The solution is ob- 
tained by perturbation expansions of T ,  y, b in the same 
parameter E .  For example 

T = To + €TI + e2T2 + . . . (21) 

For typical parameter values, E takes values of the order of 
lop3. It is therefore a very good approximation to solve only 
for the leading-order terms of T ,  y, Z. Moreover, it can be 
shown that To is independent of x.  Following the solution 
method of Bissett and Shadman (1985) and taking into ac- 
count the incomplete oxidation terms introduced above, the 
dynamic behavior of the leading-order terms is expressed by 
the following equations 

Equations 23 and 24 can be solved numerically by Runge- 
Kutta 4th-order techniques with the initial conditions 

To = w0 = 1 (25) 

Trap Loading Estimation Methodologies 
A usual problem arising in the simulation of particulate 

traps regeneration using computer models is the assessment 
of the mass of the accumulated soot. It is essential to have a 
realistic estimation of the filter loading, since the regenera- 
tion process is sensitive to this quantity in regard to both 
temperature evolution as well as regeneration duration, as 
will be discussed in the following section. A good estimation 
of the filter loading is also necessary when employing experi- 
mental results for the tuning of the model kinetic parameters 
to match real-world soot oxidation characteristics. Weighting 
of the clean and the loaded filter provides the more direct 
method to estimate the deposit mass; it presents, however, 
practical difficulties: the presence of moisture in the ceramic 
filter during the assembly may lead to significant errors in the 
estimation of soot weight. Moreover, the clean and the loaded 
filter should have the same moisture content in the ceramic, 
which is difficult to assure in most cases. In practice, a num- 
ber of indirect techniques are employed and are discussed 
below: 

Measurement of particulate emissions before and after 
the trap during the loading phase 

Correlation of trap loading with backpressure data 
Energy balance calculations. 

Apart from the above general categories, a specially de- 
signed technique based on the absorbance of electromagnetic 
(RF) energy from the loaded filter has also been designed for 
the on-line measurement of diesel particulate loading (Wal- 
ton et al., 1991). The amount of R F  energy absorbed by a 
material is proportional to its dielectric loss factor. The di- 
electric factor of cordierite is negligible compared to that of 
the accumulated soot. Thus, absorbance of R F  energy, mea- 
sured by two probes (transmitter and receiver) positioned up- 
stream and downstream the filter provides an indication of 
soot loading at any time. 

The trap loading by measuring instantaneous particulate 
emissions is obtained by a simple mass balance. The proce- 
dure is direct and simple, but requires demanding instrumen- 
tation for the accurate measurement of particulate emissions 
before and after the trap (Lepperhof and Kroon, 1984). 

Backpressure techniques are widely used for trap system 
control and safety purposes on vehicle. The trap backpres- 
sure is a complex function of trap loading, exhaust gas flow 
rate and temperature. Other factors may also play an impor- 
tant role, such as the nature and composition of the accumu- 
lated particulate. For practical purposes, trap backpressure is 
used as an indication of maximum permissible trap loading 
on-road by means of rule of thumb approaches (Weaver, 1984; 
Higuchi et al., 1983; Wade et al., 1983; Shadev et al., 1984). 
The lack of knowledge of the effect of soot composition and 
accumulation mode on backpressure characteristics limits the 
accuracy obtainable by this technique. Moreover, such esti- 
mations must be based on the assumption of uniform soot 
deposition in all trap channels radially and axially. This as- 
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sumption may, however, induce significant errors, especially 
during the regeneration process (Wiedemann et al., 1983). 

Taking into account the above mentioned difficulties, a 
plausible methodology for trap loading estimation could al- 
ternatively be supported by energy balance calculations. The 
control volume selected for these calculations encloses the 
trap and cuts the system in two points, namely, the inlet and 
outlet section. The resulting energy balance takes the follow- 
ing form 

where A H  denotes a composite enthalpy of reaction for the 
combination of the two soot oxidation reactions, as explained 
above. 

Equation 26 can be integrated over a full regeneration with 
the engine operating at a steady-state point. The integration 
can be performed also during unsteady engine operation, 
provided that the trap is thermally stabilized before and after 
the integration time at known temperatures. The calculation 
implies the following realistic assumptions: 

It is assumed that at usual thermal (noncatalytic) regen- 
eration temperatures any soluble organic part previously ac- 
cumulated has already been desorbed and does not con- 
tribute in the regeneration exothermal process. 

The total duration of the experiment is sufficient for the 
trap to stabilize at a constant temperature (usually equal to 
that of the feed exhaust gas) to calculate the respective inter- 
nal energy term in Eq. 26. 

Equation 26 implies that the above methodology requires 
continuous flow rate, temperature recordings (before and af- 
ter the trap) during the regeneration process, as well as an 
estimation of the parameter a indicating the percentage of 
soot oxidized to CO. This parameter can be calculated by 
measurements of CO emissions before and after the trap. 

An example is presented in Figure 2. The exhaust gas flow 
rate for this measurement was kept constant at 40X10-3 
kg/s. The first graph shows the evolution of exhaust gas tem- 
perature before and after the trap. By integration, we get the 

lefthand side terms of the balance Eq. 26. The initial trap 
temperature is 410°C. After completion of the regeneration 
process, the temperature after the trap approaches asymptot- 
ically that before the trap and stabilizes finally at about 710°C. 
The trap temperature change provides directly the internal 
energy variation term of Eq. 26. The quantity Ammaa,AH can 
now be directly calculated, but the individual terms of this 
product remain unknown. 

In the second graph the CO emissions recordings before 
and after the trap are plotted. Integrating F ( t )  ([CO],,,- 
[CO],) over time, we obtain the total CO emitted due to 
incomplete soot oxidation, which equals in this case approxi- 
mately 17 g. The parameter a can now be found using a 
trial-and-error procedure, as shown below 

Eq. 8 (AHXArn)= known Eq. l ,a  
a-AH +Am-CO (27) 

Following this procedure for the example presented in Figure 
2, it is found that a = 0.8, and Am = 18 g. The trap loading 
for this case measured by the mass balance technique was 
assessed to be between 15 and 17 g. 
As regards the value of a ,  experience with a number of 

available thermal regeneration CO recordings has shown that 
the value determined above is relatively insensitive to regen- 
eration conditions. This is confirmed by other researchers in 
the field (Aoki et al., 1993). The sensitivity of this parameter 
is much more enhanced in catalytic regeneration (De Soete, 
1987). 

The experiment presented above is simulated by means of 
the computer model. Two runs are conducted in order to as- 
sess the importance of taking into account incomplete oxida- 
tion and CO formation during the regeneration process. The 
results presented in Figure 3 clearly illustrate that the as- 
sumption of complete soot oxidation to CO, may lead to re- 
markably different solutions that in our case overestimate the 
maximum developed temperature. 

The energy balance equation can also be employed in the 
opposite direction; namely, in the estimation of the percent- 
age of soot oxidized to CO (when CO measurements are not 
available), provided that the initial trap loading is known. 

800, I I I I I 

J 

750 - 
0.5 - 

700 - 

I I I 400 0.0 L I 

0 100 200 300 400 0 100 200 300 400 

time (s) time (s) 

(a) (b) 
Figure 2. Estimation of trap loading by energy balance calculations. 

The first graph shows the evolution of exhaust gas temperature before and after the trap. In the second graph the CO emissions recordings 
before and after the trap are plotted. The exhaust gas flow rate is kept constant at 40 g / s ;  0, concentration in the exhaust is 2.5%. 
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Figure 3. Influence of incomplete soot oxidation on 
model results. 
The predicted temperatures after the filter are compared 
assuming: (a) complete oxidation; (b) incomplete oxidation. 
They are compared with the experimentally measured tem- 
perature. 

Tuning to Full-scale Regeneration Experiments 
As mentioned in the modeling section, a number of labora- 

tory works are known concerning the determination of the 
pertaining kinetic parameters of diesel soot combustion (Pauli 
et al., 1984; Frohne et al., 1989; Hoffmann and Ma, 1990; De 
Soete, 1987). Significant discrepancies exist among laboratory 
measurements of the kinetic parameters due to the following 
re as o n s : 

(1) Differences in behavior of soot combustion in labora- 
tory setup (such as thermogravimetry) compared to a real 
world experiment (diesel filter subjected to exhaust gas flow). 

(2) Differences in mean-size distribution and soluble or- 
ganic fraction (SOF) of soot particulates tested. As well 
known, particulate size significantly affects internal diffusion 
and many hydrocarbon fractions burn up readily at lower 
temperatures than the solid part, thus initiating the soot 
oxidation. 

(3) Lack of data concerning the percentage of soot oxida- 
tion to CO. 

In fact, the procedure followed for the purpose of the 
present work is based on a well accepted value for the appar- 
ent activation energy ( E )  of 150 kJ/mol, whereas the value of 
the collisions factor frequency factor ( k )  can be tuned by a 
series of full-scale experiments, like that reported in Lepper- 
hof and Kroon (1984). Comparisons between computed and 
measured regenerations are presented in this section. 

The experimental measurements employed for tuning pur- 
poses were conducted in the frame of a German auto-manu- 
facturers association ( F W )  study (Lepperhof and Kroon, 
1984). A Mercedes 240D vehicle equipped with a particulate 

Table 1. Technical Data of the Particulate Filter Used in the 
Experiments and Model Applications 

Cell Density 100 cells/m.2 Wall Thickness 0.43 mm 
Diameter 188 mm Filter Material Cordierite 
Length 152 mm Porosity 50% 

SI unit: mm2 = in? X645 

Table 2. Test Conditions for Comparison of Experimental 
with Model Results 

case "C g g/s kPa % 
Test T mb F A P  Yi 

1 680 16 40 35 8.1 
2 680 14 40 35 2.4 
3 670 17 22 20 7.5 
4 690 32 40 55 4.8 

filter was used. A variety of regeneration conditions were re- 
alized by the use of a heat exchanger and an oxygen injector 
located above the trap. Technical data for the particulate fil- 
ter are given in Table l. 

Four different test cases will be presented and compared 
with experimental measurements to evaluate model predic- 
tion capabilities under a variety of flow and temperature con- 
,ditions. The test conditions are tabulated in Table 2. Accord- 
ing to the discussion in the previous section, a constant value 
of a = 0.8 is kept in all computations. 

Test case 1 represents a typical regeneration under moder- 
ate flow rate and loading conditions. The comparison of the 
experimentally measured trap exit temperature with the pre- 
dicted one is shown in Figure 4. The correlation obseived is 
fairly good for the purposes of the model, while keeping in 
mind the relative uncertainties regarding some of the input 
parameters used. The zero-dimensional model seems to work 
also well for the case of a regeneration with low oxygen con- 
tent of the exhaust gas. Figure 5 shows a regeneration at oxy- 
gen concentration of 2.4%, a value which is observed during 
operation at full load conditions with low A/F ratios. Test 
case 3 is a regeneration at relatively low flow rate. Still, the 
results presented in Figure 6 show good agreement of the 
model with the reality apart from a 50°C underestimation of 
the maximum temperature. Obviously, the flow rate used was 
not sufficiently low to cause significant temperature gradients 
along the trap channels that would counter the model as- 
sumptions. The last test (Figure 7) is performed with a signif- 

I 2 O 0  ~ 

1000 1 j 4 0 . 0  

t Exit (measured) 
Exit (computed) 

800 

600 

400 

200 1 0 . 0  300 
100 200 

time (s) 
Figure 4. Regeneration at moderate flow and trap load- 

ing conditions (test case 1). 
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Figure 7. Regeneration at high initial loading (test case 
4). 

200 1 0.0 
100 200 300 400 

time (s) 

Figure 5. Regeneration at very low oxygen concentra- 
tion of the exhaust gas (test case 2). 

icantly higher initial loading of the filter. The agreement be- 
tween the calculated and the measured temperatures is also 
satisfactory in this case. 

generation case, in order to identify the critical trends in a 
more concise and general way. 

An idealized regeneration process with constant feed gas 
temperature and flow rate will be analyzed. The trap is sup- 
posed to be thermally equilibrated with the exhaust gas at 
the beginning of the regeneration. Perfect soot oxidation to 
CO, is also assumed. The physical properties of the ceramic 
filter are taken equal to that of cordierite with 50% porosity. 
In the present case, we are interested in the maximum tem- 
perature TmaX developed during the regeneration process, as 
well as the total regeneration duration t,,. The dimensions 
of the physical magnitudes involved in this regeneration 
process are expressed in the technical system as [ForceIm 
[Length]" [Time]" [Temperaturelp as shown in Table 3. 

According to the Buckingham's 11-theorem, we can formu- 
late 8 - 4 = 4 dimensionless numbers (II-groups), that ade- 
quately describe the phenomenon. The numbers selected for 
this purpose are 

Dimensional Analysis of the Regeneration Process 
The prediction of the regeneration process by use of the 

mathematical models provides useful hints in order to assess 
the importance of various design and operation parameters. 
As an example, the danger from trap overheating during dif- 
ferent driving scenarios can be assessed by predicting the 
maximum temperature developed in each case. In this sec- 
tion the dimensional analysis will be applied to a typical re- 

I 2 O 0  k t I 
'Oo0 Exit (measured) (28) 

h 

2 
h 

v 
0, 

u) 
u) 

E 
20.0 g 

w .- 
u) 

a, I U 

mb Dam=-- 
F(O) traction 

(29) 800 

600 

400 

- TmaX T,, = - 
T, 

(30) 

i Table 3. Physical Magnitudes and Dimensions of the Ideal- 
ized Regeneration Process for the Dimensional Analysis 

Force Length Time TemD. 
-1 1 0 
-4  2 0 

0 0 1 
0 0 1 
1 0 0 
1 0 0 
0 1 0 
0 1 0 

200 
100 200 300 400 

time (s) 

Figure 6. Regeneration at relatively low flow rates (test 
case 3). 
Good agreement between experimental and computed val- 
ues implies insignificant temperature gradients along the fil- 
ter. 
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1 9  

1 8  

Damkohler number. The regeneration can be retarded or 
even frozen, when one or more of the below occurs: 

The feed gas temperature is too low. 
The oxygen content of the feed gas is too low. 
The residence time of the feed gas in the soot layer is 

too low. This may either occur due to high exhaust gas flow 
rates or due to low filter loading. 

Analogous conclusions can be drawn from Figure 9 show- 
ing the regeneration duration as function of Dam. The criti- 
cal Dam leading to infinite regeneration durations is also 
recognized, whereas for Dam higher than 5X10-3 the di- 
mensionless duration approaches a constant value of about 
40 X 

Most of the above mentioned conclusions drawn from the 
dimensionless presentation of model results are widely com- 
mon to the experienced engineers in the field. The described 
method merely aims at a more concise representation of the 
well-known trends and interactions involved in the thermal 
regeneration process. 
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1 5  
x 
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1 2  
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practically independent of I. 
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Figure 8. Dimensionless maximum temperature during 

the idealized regeneration process. 

(31) 

After execution of a number of model simulations with 
variable input parameters and using the dimensionless num- 
bers derived above, the dimensionless regeneration duration 
and maximum temperature can be plotted as functions of 
the Damkohler number with W as independent parameter. 
Some interesting conclusions may be drawn from the inter- 
pretation of these graphs. 

For a given filter, the maximum temperature developed is 
merely a function of the initial soot loading for Damkohler 
numbers above 5 X lop3, which become higher for higher ini- 
tial loading. On the other hand, a filter with thicker walls is 
subjected to lower temperature peaks for the same initial soot 
loading. Figure 8 clearly shows the existence of a critical 
Damkohler number, under which regeneration “freezes”. This 
number is, moreover, only slightly dependent on the I values 
lying in the range of interest. We can get some physical ex- 
planations for this if we look at the variables appearing in the 

500 

400 

300 

m 

200 

100 

a 
I I 1 1 I 

0 5 10 15 20 25 

Dam (x 103) 

Figure 9. Dimensionless regeneration duration during 
the idealized regeneration process. 

Model Applications: Regeneration Rate Control 
The durability of regenerable trap systems probably pre- 

sents the major obstacle in their wider application in vehicle 
applications. Filter failure may either result from overheating 
above the melting point or from local high temperature gra- 
dients that cause severe thermal and mechanical stresses. This 
occurs under several failure scenarios, a typical one compris- 
ing of an engine operation at high load and subsequent brak- 
ing leading to idle operation with low exhaust flow rates. It is 
necessary to develop regeneration control strategies in order 
to eliminate reaction rates during a failure scenario. Consid- 
ering the well-known behavior of the regeneration process 
and keeping in mind the theoretical results presented in the 
previous section, we can state four major approaches for lim- 
iting the undesired high regeneration rates: 

Maintaining low mean trap loading 
Cooling of the filter 
Reduction of the exhaust gas oxygen content 
Decreasing the exhaust gas residence time in the soot 

layer. 
Apart from the first one, the above approaches may have 

the secondary effect of increasing the regeneration duration. 
The above theoretical possibilities could be realized in prac- 
tice by the following techniques: 

Limiting trap loading by controlling regeneration fre- 
quency 

Limiting oxygen availability by controlling A/F, 
Limiting oxygen availability by keeping a low exhaust flow 

Filter cooling by keeping a high exhaust flow rate. 
Real-world application of all four directions requires spe- 

cial control algorithms. The design of control systems for such 
applications is supported significantly by the model pre- 
sented in this work. In this section, these techniques will be 
briefly investigated with the aid of theoretical model predic- 
tions. It must be mentioned that the only evaluation criterion 
is the maximum temperature developed during regeneration, 
as the zero-dimensional model cannot provide any state- 
ments about local temperature gradients in the filter. 

rate 
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In regard to the effect of trap loading on the regeneration 
safety, Figure 8 may provide some hints. Namely, in the range 
of sufficiently high Damkohler numbers the maximum filter 

I 650 50 5 sign criterion for fixing the maximum permissible loading level 
for a given allowable filter temperature is already estab- I1 (idle) 200 10 15 

Table 4. Model Parameters Used as Input for the Simulation 
of a Trap Failure Scenario 

Temp. Mass Flow Rate 0, Conc. 
temperature is affected directly by trap loading. Thus, a de- Phase "C kg/s % 

lished. 
The principle of trap protection by limiting the oxygen con- 

tent of the feed exhaust gas has recently been shown to be 
effective for a number of trap failure scenarios (Pattas et al., 
1995). This technique is expected to be supported by new 
developments in exhaust gas sensor and electronic signal 
processing technologies. Keeping the oxygen content low at 
any engine operating points may be accomplished by con- 
trolled exhaust gas recirculation (EGR), whereas tight con- 
trol of the A/F ratio (directly connected to 0, content) re- 
quires use of accurate and fast responding exhaust gas oxy- 
gen sensors. The determination of the "safe" A/F for the 
control of the regeneration process at various operating points 
is a fairly complicated task. 

Figure 10 shows the predicted trap temperatures devel- 
oped during a failure scenario comprising a sudden vehicle 
braking following engine operation at high load and speed. 
The parameters used for the simulation of such a scenario 
are given in Table 4, and are characteristic for conditions met 
in passenger car applications. The evolution of the exhaust 
gas feed temperature during the operation mode change is a 
function of the thermal response properties of the parts in- 
tervening between the engine and the trap. Data regarding 
the trap filter are given in Table 1. A fairly high trap loading 
of 35 g and an initial trap temperature of 550°C are selected 
for the simulation. 

The regeneration in this case already begins during phase 
I, but becomes steeper when shifting to phase I1 (t  = 20 s). 
When no A/F control is imposed on the engine, the maxi- 

mum trap outlet predicted temperature overrides 1,OOO"C. 
According to experience from analogous observed cases, such 
outlet temperatures usually accompany a local filter over- 
heating which has already been leaded to local filter melting. 

The feasibility of protecting the trap by limiting the oxygen 
content in the exhaust gas is illustrated in Figure 11. It is 
clear that the regeneration becomes slower with lower oxy- 
gen content, as expected since the soot oxidation rate is di- 
rectly proportional to oxygen concentration. The regenera- 
tion is, however, still hazardous even at oxygen concentra- 
tions of 7%, whereas the value of 4% seems to be the safe 
limit for the specific case. 

As another possibility, limiting available oxygen for the re-- 
generation is already employed in a number of bypass regen- 
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Figure 10. Model results for the simulation of an uncon- 
trolled regeneration during a trap failure sce- 
nario. 
Parameters data are given in Table 1 and Table 4. The 
high trap temperatures developed would apparently lead 
to trap failure in real-world conditions. 
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Figure 11. Trap protection by limiting the exhaust gas 
oxygen content during regeneration (con- 
trolled regeneration). 
The trap outlet temperature is compared for different oxy- 
gen concentrations. 
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eration systems (Kumagai et al., 1992; Kojetin et al., 1993). 
This technique is very well suited for externally assisted re- 
generation systems (such as electrically heated burners). A 
trade-off between regeneration duration (which should not 
be very high) and maximum filter temperature must be ac- 
counted for in such systems. Model computations are indis- 
pensable design tools in this case. 

The opposite approach, namely very much increasing ex- 
haust flow rate per unit filter volume is another possibility to 
assure safe regeneration. Extensive simulation with a model 
is necessary to successfully design and tune such a trap pro- 
tection system. 

For example, one could refer to the full flow regenerable, 
burner assisted trap system described in Huehn and Sauerteig 
(1989). The principle of operation of trap protection in this 
class of systems relies upon a compressor that is capable of 
sustaining sufficiently high flow rate through the trap even at 
idle conditions. The determination of additional air flow re- 
quired for safe regeneration, as a function of the engine op- 
eration point with the maximum permissible trap loading as 
parameter, can be aided substantially by computational simu- 
lation of the type represented in Figure 8 and Figure 9. 

Other Application Areas 
In the previous section the capability of the model to cope 

with a full class of design problems related to trap safety has 
been demonstrated. Naturally, the use of the model may be 
extended to a variety of other design problems. 

A very interesting research and development area that 
could profit very much from modeling trap operation is the 
application of traps in turbo-charged diesel engines (Pattas 
and Stamatelos, 1991, 1992; Mayer et al., 1994). In the class 
of systems with the trap before turbine the necessity exists to 
minimize trap heat capacity and improve the design of the 
exhaust system before the trap in order to maintain an ac- 
ceptable trap exit temperature response. Thus, it is necessary 
to follow a systems approach in the design of the system aim- 
ing at diminishing the difference in response between engine 
out and trap exit temperatures (Figure 2a). 

Another critical aspect of trap modeling applications is 
related to the increasing concern on on-board diagnostics 
(OBD) for emission control systems in all vehicle types 
(Koltsakis and Stamatelos, 1995). Due to special aspects of 
the design of trap systems (wide variety of filter types with 
significantly varying filtering efficiencies regarding the solid 
and soluble organic fraction of the particulate, also varying 
with engine operation point, etc.), it is absolutely necessary 
to computationally support any OBD development efforts. 

Finally, trap models of the type presented in this article 
may be widely used in the sizing of trap systems, provided 
that they are equipped with reliable pressure drop computa- 
tion submodels. It may be stated that the development of 
diesel particulate traps for vehicular applications has already 
entered the stage of computationally assisted systems design 
approach. 

Conclusions 
Future stricter emission standards render it necessary to 

investigate the rationale of developing reliable trap systems 

for a wider range of vehicular applications. Although the 
thermal regeneration of wall-flow filters has been studied ex- 
tensively, the use of mathematical models to support system 
optimization has been relatively limited. 

The feasibility of employing a control-oriented zero-dimen- 
sional modeling approach for this purpose is studied in this 
article. A sound mathematical model is used as a starting 
point and is further developed in the direction of providing 
better agreement with experimental observations. The forma- 
tion of carbon monoxide from incomplete soot oxidation 
seems to play an important role in the evolution of the regen- 
eration process and should be taken into account in the model 
equations. 

Estimation of trap loading-a critical parameter for mod- 
eling applications-is shown to be possible by an integrated 
energy balance, based on simple temperature recordings dur- 
ing regeneration. Suitable tuning of the reaction kinetic con- 
stants can be attained with the help of a comprehensive set 
of full-scale experiments. 

Following the above steps, the comparison of model pre- 
dictions with experimental measurements showed promising 
results for a variety of regeneration conditions tested. The 
correlation was poorer when significant temperature gradi- 
ents in the axial or radial direction of the filter existed. The 
dimensional analysis of an idealized regeneration process 
provided a more concise presentation of the relative signifi- 
cance of the model parameters. 

The model is already used by the authors to support the 
optimum design of regeneration control techniques aiming at 
more durable trap systems. Future work in the field includes 
a deeper investigation of CO formation during regeneration, 
chemical kinetics of soot oxidation at very low oxygen con- 
centrations, as well as application of the existing approach to 
the modeling of the use of catalysts to assist the regeneration 
process. 

Notation 
A =filtration area, m2 

A/F =air to fuel mass ratio 
cp, =dimensionless heat capacity, CpI pj / (C pl) 
C =specific heat capacity of exhaust gas, {b90 J/kg.K 

=specific heat capacity of soot deposit, 1,510 J/kg.K 
Cp2 =specific heat capacity of ceramic wall, 1,120 J/kg.K 

E _  =apparent activation energy of soot oxldation, 150 X lo3 J/mol 
F =dimensionless exhaust gas mass-flow rate, F(t)/F(O) 

Dam = Damkohler number, mb/lF(o)trea&n] 

F ( t )  = mass-flow rate of exhaust gas, kg/s 
F(0)  =value of Hi) at i = 0 
A H  = "combined" reaction enthalpy of soot oxidation, J/mol 

A H(i)  =specific heat of CO, formation, 3.61 X lo5 J/mol 
AH@ =specific heat of CO formation, 0.90 X lo5 J/mol 

k, =dimensionless rate coefficient, ( s , w b A ~ M ~ ~ l ) / [ R T b F ( 0 ) l  
k .  =rate coefficient for the reaction in region J ,  m/s 
1 = collisions frequency factor, 6.0 m/s K 
m =accumulated soot mass, kg 

Ma =molecular weight of exhaust gas, 29 X 
M, =atomic weight of deposit, 12X 
R =molecular weight ratio 
p =exhaust gas pressure, 101 x lo3 Pa 
R =gas constant, 8.31 m3.Pa/mol.K 
s1 =specific area of deposit layer, 5.5 X lo7 m-' 

kg/mol 
kg/mol 

t =time, s 
i =dimensionless time, F ( O ) t / m b  

T =temperature, K 
T =dimensionless temperature, T/Tb 
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Tb =temperature at t = 0, K 

T, =dimensionless inlet temperature, q/T, 
treactlon =characteristic reaction time, pl/isl p,k,y,), s 

u =superficial velocity, m/s 
w =thickness of the deposit layer, m 
W =dimensionless deposit layer thickness, W / w b  

w, =channel wall thickness, m 
W3 = dimensionless wall thickness, wJwb 

T,(4) =inlet temperature, K 

x =distance, m 
.f =dimensionless distance, x/wb 
y =oxygen concentration of the exhaust gas (mole fraction) 

y,( t )  =mole fraction of oxygen at inlet 

Greek letters 
A P  =trap backpressure, Pa 

E = dimensionless group Cpg F(O)wb/A A, 
A =bulk thermal conductivity 

A, =ratio of thermal conductivities, A,/Al 
p =exhaust gas density, kg/m3 

p1 =bulk density of the deposit layer, 550 kg/m3 
p2 =bulk density of porous ceramic, 1,400 kg/m3 

- 

Subscripts 
b =initial condition 
i =inlet condition 
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