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(57) Abstract: In a method for regenerating s catalyzed diesel particulate filter (DPF) via active NO2-based regeneration with en-
hanced cffective NO2 supply, a NOx containing gas is introduced into the DPF, and a temperaturc of at lcast onc of the DPF, the
NOx containing gas, and soot in the DPF is controlled while control Sing NOx levels at an inlet of the Df1F so that the NOx con-
taining gas reacts with the catalyst to form N 02 molecules that thereafter react with soot particles to form CO, CO2, and NO
molecules and a NO2 efficiency is greater than 0.52 gC/gNO2 and so that less than two thirds of the soot mass that is removed
from the DPF is oxidized by 02 molecules in the gas to form CO and CO2 molecules.

YN
NO; NO O, €O, CO



14

i

15

WO 2009/100412 PCT/US2009/033510

METHOD AND APPARATUS FOR REGENERATING A CATALYZED DIESEL
PARTICULATE FILTER (DPF) VIA ACTIVE NO2-BASED REGENERATION WITH
ENHANCED EFFECTIVE NQ2 SUPPLY
BACKGROUND AND SUMMARY

The present application is related to commonly assigned, copending Application No.
_{Attorney Docket No. 000009-261) entitled METHOD AND APPARATUS FOR NO2-
BASED REGENERATION OF DIESEL PARTICULATE FILTERS USING RECIRCULATED
NOX, filed on the same date as the present application, and claims the benefit of U5,
Provistonal Apphcation §1/063,900, filed February 7, 2009, entitled METHOD FOR
MAXIMIZING SOOT REDUCTION CAPACITY OF NOZ REACTANT FOR ACTIVE NO2
REGENERATION OF PARTICULATE FILTER..

The invention relates to methods and apparatus For regeneration of diesel particolate
filters (DPFs), that is, removal of accumulated particulate matter or soot from the DPF, and more
particolarly to methods and apparatas involving an oxidation reaction with NO2.

The most common method for removal of soot from a DPF is oxidation of the trapped
saot to produce gaseous products {CO2 and CO} which can pass through the filter media: this
process is referred to as regenerstion. There are two primary mechanisms emploved for
regeneration: oxidation of seot by O2 ((C + 02 - CO2Y and/or (2C + 02 —» 2C0)) called O2-
based regeneration and oxidation of soot by NO2 {({T +2NO2 — €02 + 2NO) and/or (C + NO2
s {10+ NOY) called NO2-based regeneration.

Presently known and implemented solutions for DPF regeneration comprise active 02-
based regeneration systems, passive NO2-based regeneration systems, or a combination thereof.

Active O2-hased regeneration systems raise the temperatuve of the reactants, through a variety of
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methods. in order to establish and sustain an 02/300t reaction. During active (32-based
vegengrations, substantially all soot removal 1s via reaction with Q2. Passive NO2-based systems
use catalyzing agents to form NO2 from NO already present in the exhaust gas, typically in an
oxidation catalyst upstream of the DPF, and to reduce the activation energy required for a
NO2/seot reaction to occur at temperature levels achievable in some portion of the normal
engine operation range without active thermal management of the reactants.

Many implementations of the active O2-based and passive NO2-based concepts for DPF
regeneration have been demonstrated. The primary hmitation of passive NO2-based
regeneration is its inability to guarantee adequate regeneration of the DPF in all apphications. To
solve this, active O2-based regeneration s implemented altermatively to, or in addition to,
passive NO2-based regeneration. The primary limitations of 02-based regenerations are lower
maximum DPE soot loading levels, which must be observed, and a significantly higher
temperature requirement than is necessary for NO2-based regeneration. The higher temperature
requirement, as well as the need for more frequent regenerations, can lead to deterioration in the
performance and durability of all affected exhaust aftertreatment devices, including those
downstream of the soot filtration and regeneration components, such as an SCR system.
Solution of the temperature problem must be rescived through the development of more robust
aftertreatrent devices and/or the implementation of additional devices, systems andfor methods
to reduce posi-DPF temperatures.

Some methods have been proposed that are supplemental to the active O2-based and
passive NO2-based regenerations concepts. ULS. Patent Application Publication No.
2007/0234711 discusses a method to initiate an allernative control strategy with optimal NOx

production during operating regimes where adegnate reactant temperatures have been passively
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established. U8 Patent No. 6,910,329 B2 discusses a method whereby reactant temperatures
and DPF volumetric flow (and thereby DPF residence fime) are actively manipulated m order to
extend the operating regimes where adequate passive NO2-based regeneration activity can be
achieved.

In accordance with an aspect of the present invention, a method for regenerating a
catalyzed diesel particulate filter (DPF) via active NO2-based regeneration with enhanced
effective NO2 supply comprises introducing a NOx containing gas into the DPF, and controlling
aiemperature of ai least one of the DPF, the NOx contamning gas, and soot in the DPF while
controlling NOx levels at an inlet of the DPF so that the NOx containing gas reacts with the
catalyst to form NO2 molecules that thereafier react with soot particles 1o form CO, CO2, and
NGO molecules and a NO2 efficiency is greater than 0,52 ¢C/eNO2 and so that less than two
thirds of the soot mass that is removed from the DPF is oxidized by O2 molecules in the gas o
form CO and CO2 molecules.

In secordance with yet another aspect of the present invention, a diesel engine
arrangement comprises a diesel engine arranged {o introduce a NOx containing gas into a
catalyzed diesel particulate filter {DPF}, a heating arrangement arvanged to control a temperature
of at least one of the DPF, the NOx containing gas, and soot in the DPF, and & controtier
arranged to control the healing arrangement 1o perform an active NO2-based regeneration with
enhanced effective NO2 supply by coniroliing the temperature and by controlling NOx levels at
an inlet of the DPF so that the NOx containing gas reacts with the catalyst to form NO2
molecules that thereafter react with soot particles to form CO, €02, and NO molecules and ¢

NO2 efficiency is greater than 0.52 gC/gNO2 and so that less than two thirds of the soot mass

=
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that is removed from the DPF is oxidized by 02 molecules in the gas to form CO and CO2
molecules.

In accordance with yet another aspect of the present invention, a method of regenerating
a diesel particulate filter (DPF) comprises performing 4 first regeneration to at least partially
regenerate the DPF by performing an active NO2-based regeneration with enbanced effective
NO2Z supply, the active NO2-based regeneration with enchanced effective NQO2 supply
comprising introducing a NOx containing gas into the DPF | and controlling a temperature of at
feast one of the DPF, the NOx containing gas, and soot in the DPF while controlling NOx levels

at an inlet of the DPF so that the NOx containing

o

gas reacts with the catalyst 1o form NQ2
molecules that thereatter react with soot particles to form CO, CO2, and NO molecules and a
NO2Z efficiency is greater than 0.52 gC/gNO2 and so that less than two thirds of the soot mass
that is rerpoved from the DPF is oxidized by O2 molecules in the gas to form CO and CO2
molecules, and performing a second regeneration to at least partially regenerate the DPF by
performing at least one of a conventional NO2-based regeneration and an active O2-based

regeneration.

BRIEF DESCRIPTION OF THE DRAWINGS

The features and advantages of the present invention are well understood by reading the
following detailed description in conjunction with the drawings in which like numerals indicate
similar elements and iy which:

FIG. 1 schematically shows, in partial cross-section, a portion of @ DPF channel wall

Hustrating NO recyeling according to an aspect of the present invention,
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FIG. 2 is a graph of NO2 conversion effictency versus temperature for a sample Diesel
Oxidation Catalyst {DOC) at vartous exhaust mass flow rates showing an equulibrium line above
which NO2 converts to NO,

FIG. 3A is a graph of Soot Load versus Regeneration Time comparing conventional
NO2-based regenerations with an active NQ2-based regeneration with enhanced effective NQ2
supply according to an aspect of the present invention, and FIG. 3B is a Table of data shown
graphically in FIG. 3A; and

FIG. 4 schematically shows an exhaust afterireatment system according to an aspect of

the present invention.

DETAILED DESCRIPTION

The invention shall first be described in general, more theoretical terms, as presently
understoad by the inventors, and, thereafter, in terms of more specific aspects. The invention is
not to be considered to be limited by the theonies that are set forth herein to explain the
inventors” present understanding of how the invention works, except to the extent that such
theories are expressly included in the claums.

The inventors recognize that there are two ways i which the reaction rate of the soot in
the DPF is limited. The reaction will either be kinetically controlled (due to too low reactant
temperature or diffusion limailed (due to too low supply of reactant). Siroply stated, the
necessary reactants must be supplied and the minimum activation energy for the reaction must be
achieved, These conditions may be fulfilled either through active control or achieved passively

during normal operation.

LA



i

WO 2009/100412 PCT/US2009/033510

For any type of active regeneration process wiilizing active thermal control, the
temperature of the reactants s raised to the point that a sufficient reaction rate is established for
the desired reaction. This is typically achieved by raising the temperature of the filter media, the
exhaust gas and/or captured soot above their normal operating temperatures, which would be
fnsufficient to support regeneration, by external means (through catalvtic oxidation of
hvdrocarbons, burner systems, electrical heating, microwaves, ete. ..}, An active regeneration
process could implement active control of reactant supply, although this has not been done. For
example, O2-based regenerations are Kinetically controtted and have plentifid 02, while
conventional NOZ strategies do not typrcally actively regulate NO2 or NOx supply.

By definmtion, a passive regeneration system will not actively control reactant temperature
or reactant supply for the purposes of promoting regeneration, However, several passive means
are used to promote regeneration activity, Specifically, catalyzing ageots that are in contact with
the captured soot, such as a catalvst coating in the DPF, are used to lower the required activation
energy {temperature) for the relevant reactions, thereby lesseming kinetic control of the reaction
(i.e, enabling a higher reaction rate). I{ a sufficiently high reactant temperature is present, one
that will more than support complete reaction of all reactants, then the reaction is ditfusion
limited. In the case of a DPF full of soot, a diffusion Hmited reaction implies that supply of the
oxygen-bearing reactant 1s imited. Therelore, catalysts can be used to passively increase
reactant supply, such as converting unusable NO to useful NO2, thereby lessening the diffusion
limitation of the reaction (i.e.. enabling a higher reaction rate).

When considering the practical application of the soot oxidation process, 1.¢., removing
soot from a DPFE, distinctions between reaction rate, soot oxidation rate, engine soot production

rate, and soof removal rate must be made. One might start from the practical end objective, that
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is DPF soot removal, and proceed backwards to the more foundational theoretical concept of the
chemical reaction rate. The soot mass removal rate 1s simply the change n DPF soot mass per
time. The soot removal rate will not be constant during a regeneration event since it is a function
of the captured soot mass, which 1s changing with thme. The soot removal rate is equal to the
difference between the soot oxidation rate and the engine soot production rate. Equation 1

describes the soof mass in the DPF as a function of time.

&
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There are several consequences of the refationship between soot toad density, soot oxidation rate
and soot production. For a stabilized regeneration process {where regeneration conditions,
including temperature and reactant supply are already stabilized), the highest soot oxidation rate
and soot removal rate are achieved at the beginning of the regeneration event. As the
regeneration progresses, the soot oxidation rate will decav until it eventually intersects with the
soot production rate, at which point the soot removal rate will equal zero. Consequently, alt
regeneration processes, including active O2-based regeneration, will approach a non-zero
equilibrivm soot loading. For particularly efficacious strategies, nearly complete soot
regeneration may be approached, but not reached.

The soot oxidation rate, expressed in Eq. 2, is equal 1o the captured soof mass times the
chemical reaction rate. The reaction rate is a function of primarily temperature and amount of
NQ2 participating in the reaction, which is a function of NOZ supply, soot mass, and number of
recycles, where a “recvele” is defined as, on average, one NO2 molecule participating in the

oxidation reaction of more than one C atom. Since recycles are NO oxidation reactions, the
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number of recycles is determined primarily by the NO oxidation reaction rate and residence time.
The NQ oxidation veaction rate 1s prumarily a function of teraperature, reactant avalability, and
catalyst availability.

-

Flyosnr oo 5 = inpss o 10 {NOE } e

plobasf soni © NG veaaion vate

B1= S0t nass
= constant
INO.] = concentration of NOy in the DPF participating in the reaction
T = reaction temperature
E == activation energy
R = universal gas constant
alpha, beta, gamma are exponents

The regeneration process is primanly comprised of surface reactions between non-
uniformly distributed solid and gaseous reactants which must additionally {typicallyv} be in
contact with a catalyst. Therefore, the likelihood of a mobile oxygen-bearing gas molecule
{rapidly) locating an immobile {and non-uniformly distributed} soot particle that is also in the
presence of an immobile solid catalyst will increase as soot density increases. Therefore, more
reactions will be occursing at once as soot load density increases. This 1s true for most, i not all,
kinetically limited regeneration processes. The inventors recognize that this is true for most, if
not all, diffusion fimited reactions where the limiting reactant 1s recycled. The recycling
phenomenon is itustrated schematically in FIG. 1, which shows NO reacting with O2 in the

presence of a catalyst 10 on a DPF 11 to form NOZ; the NOZ reacting with soot 12 on the DPF to



i

WO 2009/100412 PCT/US2009/033510

form, e.g., NOQ -+ CO -+ CO2, the NO reacting again with Q2 in the presence of the catalyst 1o
form NOZ, ete., until the NO or NOZ exats the systemn. The 1nventors recognize that it is
generally not true that more reactions will be occurring at once as soot load density increases for
a diffusion limited reaction with abundant soot where the limiting reactant cannot be or 1s not
recveled. In this case, all of the limiting reactant is already consumed and will not be reused;
therefore the maximum number of reactions is already occurring. Consequently, methods
according to aspects of the present invention have advantages over conventional NQ2-based
methods, nametly that regeneration efficacy and NOx efficiency will increase significantly as the
soot load increases.

NOx present in diesel exhaust gas s comprised primarity of NQ, with onlv a small
portion of NO2, Therefore, 1 a passtve regeneration system 4 catalyzing agent, such as g Diesel
Oxidation Catalyst (DOC), is typically used to form NO2 from NO.

It is ordinarily desirable to increase the passive NO2-based regeneration activity
achievable for a given NOx quantity by increasing the NO2/NO ratio, thereby increasing the
total NO2, or reactant, quantity. In other words, il is ordinarily desirable to increase the reaction
rate of soot in the DPF by increasing the supply of the limiting reactant, NO2. However, as seen
in FIG 2, for a given exhaust mass flow, the efficacy of the catalvst at converting NO o NO2
initially increases with increasing temperature, before it starts to decrease and eventually falls
atong the NO-NOZ equilibrivan line. Once the equilibrium line is followed, the NO2 supply 1s al
the equilibrinm limit. The actual measured NOZ supply, which will be equal to or less than the
equilibrivm limit, shall be referred to as the “equilibrium-limited NO2 supply”.

The equilibrium-limited NO2 supply will pertain to systems with and without catalyzing

agents upstream of the DPF. In the case of a system with an effective catalvzing agent upstream
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of the DPF, the equilibrium-limited NOZ supply will refer to the actual NO2 guantity which is
formed upstream of, and passed into, the DPF. 1t 1s understood that for systems with g catalvzing
agent upstream of the DPF, that the catalyzing agent must, during a regeneration event, be
effective to substantially increase the NOZ supply of the NOx containing gas; otherwise, for the
purposes of determining the equilibrium-limited NO2 supply, the system is considered to have
no catalyzing agent upstream of the DPF. The catalyzing agent is considered to be not effective
to substantially increase NO2 supply during the regeneration event if the NO2 quantity available
from the catalyzing agent 1o the DPF is sigmiticantly less than the NOZ quantity exiting the DPF
when no NOZ participates in a soot oxidation reaction, such as in the case of a DPF with no soot
present, In the case of g system with no catalyzing agent upstreany of the DPF, and in which
NO2Z 15 formed m a catalyzed DPF, the equalibriura-limited NO2 supply will refer to the NO2
quantity which is passed out of the DPF when no NOZ participates in a soot oxidation reaction.

During a passive NO2-based regeneration, the soot oxidation reaction may be either
kinetically controlled or diffusion limited. In the case of a fully loaded DPF, the type of linut
depends on the reactant temperature as well as on the amount of NO2 supplied to the resction.

A kinetically controlled NOZ/soot reaction implies that not all of the NO2 which is
passed through the DPF can be reacted while it is still within the DPF, and is therefore “wasted™.
Unlike O2 in the case of an active O2-based regeneration, NO2 {and NOx} are regulated
emissions, and therefore aanecessarily producing NO2 that will not participate in soot
regeneration should be avoided.

Alternagtively, a diffusion-lumited NO2/soot regcetion implies that the supplied NO2
quantity is less than that which could be reacted within the given residence time at the prevailing

temperatore. Similarly, i the reaction 15 diffosion limited by soot, this implies that the DDPF soot

10
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loading is low. The time that the reactant (NO2) spends within a reactor (DPF) is called the
vesidence time, In the case of a diffusion linited reaction, soot regeneration could be completed
faster with an increased NO2 supply. In g passive NO2-based regeneration gvent, the optimum
NOx guantity would be that which would produce an equilibriv-limited NO2 supply that would
approximately match the kinetic reaction rate at the prevailing temperature. Therefore, the
reaction would approach a balance point, between kinetic control and diffusion limitation.
Active NO2-based regeneration concepts that actively control reactant temperature andfor supply
and/or restdence time with this objective may be devised. These approaches, whether
implemented passively or actively, will be referred to herein as “conventional” NO2-based
regeneration concepts. Conventtonal NO2-based regeneration concepts will optimally seek to
approach a balance point between Kinetic and diffusion limitation, therehy maximizing the
NQO2/so0t reaction rate.

Whether recognized or not, conventional NO2-based regeneration methods seek to
merease soot regeneration efficacy and/or efficiency by optimally increasing the NO2 percentage
of the NOx quantity ("NO2 percent™) supplied fo the reaction and/or optimally regulating
reactant temperature, to the extent that a balance point between a kinetically controlied and
diffusion limited soot oxidation reaction is achieved. Where conventional methods seek to
inerease the NO2 percent supphed to the reaction, this is achieved by increasing either the NO2
percent supplied to the DPF or alternatively the potential eqailibrivun NO2 percent within the
DPF, where potential equilibrium NO2 percent is determined by the combined NO and NO2
supply to the DPF, the prevailing conditions within the DPF gnd by the NO-NO2 equilibrium

relationship.

11
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The inventors recognize that methods according to aspects of the present invention can
achieve soot regeneration efficacy and efficiency greater than conventional methods, The
ventors recognize that the quantity of NO2 which 1s reacted with soot ¢can be much greater than
the quantity of NOZ which 1s supplied to the reactor (the DPF). Furthermore, the inventors
recognize that the quantity of NO2 reacted with soot within a given period of time can be even
areater stifl than the theoretical equilibriom quantity of NOZ which would pass through the
reactor within the same period of ime. Methods according to aspects of the present invention
nicrease the quantity of NO2 which is reacted with soot by increasing the soot oxidation reaction
rate and the NO oxidation reaction rate, even as this may cause the NO2 concentration supptied
o the DPF and the equilibrivny NO2 concentration within the DPF to decrease. In doing so,
methods according to aspects of the present invention can greatly increase the benefit of the NO
recvehing mechaniso to the soot regeneration process, thereby recogmazing significantly higher
soot regeneration efficacy and efficiency than conventional NO2-based methods.

Aspects of the present invention do not necessanly seek to masimize the equilibrium-
imited NO2 supply or establish a soot oxidation reaction that is approximately balanced between
kinetic controf and diffusion limitation. Nor do aspects of the invention necessarily seek to
actively extend (through thermal, volumetnic flow or reactant supply management) the enging
operaling range where conventional NO2-based regeneration may occur, Instead, the concept of
an “effective NOZ supply™ is introduced, which effective supply will be enhanced to increase ity
soot removal efficacy relative to the efficacy that would be expected during conventional NO2-
based regeneration, even if the equilibrium-linmited NO2Z supply is decreased. The effective NO2
supply is defined for purposes of the present application as the amounnt of NQ2 that participates

in soot oxidation. The participating NOZ2Z can either come disectly from the equilibsum-limited

12
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NOZ supply, NO oxidized in the catalyzed DPF, or from NO recycling. The concept of the soot
vemoval capacity of the NOZ reactant is also introduced. Even though the method employed can
cause the equilibrium-limited NG2 supply to decrease, it can at the sane time greatly increase
the effective NOZ supply, thereby increasing the soot removal capacity of the equilibrium-
Hmited NO2 supply, resulting in a significantly higher soot oxidation rate. Conditions can be
controlled so that, even though a lesser quantity of NO2 is supplied to the DPF than under
conventional conditions, the rate at which NQ is converted to NO2 and that NO?2 reacts with soot
within the DPYF is greater than under the conventional conditions where a larger quantity of NO2
is supplied to the DPF. In aspects of the present invention, the NO is effectively “recycled”,
usually more than once, through a catalytic reaction to form NOZ, which in turn, reacts with soot,
again forming NO which is catalytically reacted, etc. Thus, a particular quantity of NOx i the
engine exbaust, under conditions controlled according o aspects of the present invention, can be
effective to oxidize more soot than an equilibrium-limited NO2 supply. This aspect of the
mvention will be referred {0 herein as “setive NO2-based regeneration {of a DPF) with enhanced
effective NO2 supply™. The available NO2 quantity during a conventional active NO2-based
regeneration can be determined primartly by the total allowable NOx quantity (as determined by
the application) and the equilibrium NO-NO2 ratio for a given set of operating conditions
(including those being actively controlled). The imphcatious of the differing objectives of
conventional NO2-based regeneration concepts and the concepl set forth are significant, both in
application of the concept (the method and apparatus) and its efficacy and efficiency.

The activation energy required to initiate an O2/s00t reaction is significantly higher than
that reguired for the NO2/soot reaction. Due to the higher activation energy required for the

/500t reaction, the current state of the art in catalyst technology has not demonstrated the

13
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ability 1o achieve practical passive O2-based regeneration of soot under the normal operating
conditions of a diesel engine. In practice, effective (O2-based regeneration has only been
achieved actively at temperatures above about 600 “C, Therefore, to those familiar with
regeneration of DPFs, the concept and implementation of “active” regenerations has generally
been for O2-based regenerations, and the terms have been used interchangeably. Likewise, the
concept and terminology of “passive” regeneration and NO2-based regeneration have generally
been widely nsed interchangeably, although a distinction should be made. The subject invention
identifies the concept of, and establishes a method and apparatus for, active “recycled” NO2-
based regeneration with significantly more soot removal efficacy and improved total NOx
efficiency than a conventional NO2-based repenerstion, whereby soot removal etticacy
comparable to or exceeding that of an active O2-based regeneration can be aclveved at
significantly reduced exbaust temperatures, as well as allowing for higher DPF soot loadings and
the ability to be applied over a wider operating range than active O2-based regenerations. NOx
efficiency shall be expressly defined as the mass of soot removed (gC) by the mass of NOx
(gNOx) supplied to the DPF over a time period that is significant with respect to, but not
exceeding, the time required to effectively regenerate a substantially full DPF. The unit “gC” 1s
the mass of soot removed from the DPF and the unit “gNOx” is the mass of the accumulated
NOx supply. The DPF is considered {o be substantially full when the DPF sool load s at least
S0%; of the soot load at which regeneration ordinarily will be imtiated 1n the system woder
copsideration. The DPF is considered to be effectively regenerated once a significant soot
removal rate is oot maintained. A significant soot removal rate is determined with respect to the
soot removal rate during a substantial portion of the soot removal. A substantial portion of the

soot removal can be considered to be approximately 50% of the total soot removed.
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In contrast to previous regeneration concepts, aspects of the present method and
apparatus sgek to actively maximize NQ2-based regeneration through a combination of active
thermal management of the reactants, embodied here through thermal management of the DPE,
in combination with active control of NOx production, allowing for the possibility of active
manipulation of the volumetric flow (and therefore residence time) of the NOZ2 reactant, in order
o enhance the soot removal capacity of the NO2 reactant. By contrast, conventional NO2-based
regeneration concepts primarily seek to increase total NO2 reactant quantity through use of
catalyzing agents and/or less commonly active control of NOx production, to levels appropriate
for the prevailing reactant temperature, or alternatively {o actively extend, through thermal and
volumetric flow control, the operating regime where conventional NO2-based regeneration can
oCeur.

The active N 2-based regeneration with enhanced effective NO2 supply wethod and
apparatus sets forth the concept of and primarily seeks to maximize the soot removal capacity of
the NO2 reactant, even though the NO2/NO ratio and thevefore the equilibrium-fimited NO2
supply decreases. In practice, this will ordinarily mean that the NO2/soot reaction will be
diffusion limited, primarily due to the significantly higher kinetic term of the reaction rate than is
the case for a conventional NO2-based regeneration.

Each C atom captured within the DPF may participate i an oxidation reaction with one
NO2 molecule (C + NO2 — CO + NOJ, or alternatively with two NO2 molecules (C + ZNO2 —
CO2 + 2NQ). Based on the molar masses of NO2 (46.01g/mol) and C (12.01g/mol), this
reaction stoichiometry dictates that the mass of soot reacted will be between ~ 13% {for 1.2
maolar reaction) and 26% (for 1.1 molar reaction) of the mass of NO2 reacted. 1t is recognized

that particulate matter is comprised primarily of soot, commonly empirically represented as C8H,
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and less signiticantly of unburned HCs and inert matter. Therefore, it will be reasonably
assumed that the change in DPF soot loading over the course of regeneration 1s attributable
primarily to the removal of C. For the purposes of caleulations made herein, the change in DPF
soot mass shall be assumed to be attsibuted solely to removal of C.

In the case of a catalvzed DPF passively regenerating with NO2, over the normal
temperature and residence time range within the DPF, the best case will typically be that any
given NO2 molecule, or an NO molecule which is first oxidized into NOZ_ is able to complete,
on average, as few as fess than one soof oxidation reaction before exiting the DPF. This is
prunarily due to the fact that during conventional operation increased DPF and soot temperatures
are typically achieved at reduced residence times (e, at high exhaust mass lows and
temperatures), where the NO2 has less time to react. Likewise, at longer residence times (lower
mass flows and temperatures), increased DPE and soot temperatures are not achieved.

In NO2-based regeneration testing, a measurement of NO2 efficiency, which is related to
the reaction stoichiometry of NO2 and C, 15 introduced to evaluate the effectiveness of a
particular method. The NO2 efficiency is expressly defined as the mass of C removed from the
DPF divided by the mass of NO2 provided to the DPF, determined over a time period that is
significant with respect to, but not exceeding, the time required to effectively regenerate a
substantially full DPF. The DPF is considered to be substantially full when the DPF soot load is
at least 90% of the soot load at which regeneration ordinanty will be initiated in the system
under consideration. The DPF is considered to be effectively regenerated once a significant soot
removal rate is oot maintained. A significant soot removal rate is determined with respect to the
soot removal rate during a substantial portion of the soot removal. A substantial portion of the

soot removal can be considered to be approximately 50% of the total soot removed.
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By defining NO2 and NOx efficiencies over a time period that is significant with respect
1o the time required to effectively regenerate the DPF, it 1s intended to exclude measurements
caleulated on the basis of transient occurrences and or reflecting regenerations that continue past
the point at which a significant soot removal rate 1s no longer maintained. In testing, some of the
regenerated soot will have been supplied from the incoming exhaust, and the associated
regeneration reaction will not have decreased the DPF soot loading. This will, among other
factors, decrease the measured NO2 efficiency. Conventional wisdom for conventional NO2-
based regeneration dictated that NO2 efficiency would not significantly exceed 12.01 oC / 46.01
gNOZ = ~ (.26 ¢C/aNO2. The unit "g( s the mass of soot removed from the DPF and the unit
“aNQ2” 15 the mass of the accunvlated equlibrivm-lunited NO2 supply. Even more so, 1t was
asswned that at elevated temperatures (near or just beyond the NO-NO2 conversion plateau as
seen in FIG. 2) total NO2-based soot oxidation activity would fall significanily as the
increasingly smaller equilibrium-limited NO2 supply would not be able to take advantage of the
mereased temperatures. In other words, increasing temperatures would simply lower NO2
supply and resudt in a more ditfusion-limited reaction, therefore Jowering the reaction rate, and
thereby achieving lower total soot removal. Conventional passive NO2-based regenerations
have NO2Z efficiencies considerably less than .52 gC{gNO2, and more commonly less than 0.26
gC/eNOZ, over a ime period that s significant with respect to, but not exceeding the time
required lo regenerate a substantially fult DPF

However, it is precisely by actively increasing reactant temperature that an aspect of the
method set forth is able to achieve significantly better soot removal results than conventional
NO2-based regeneration technigues, with NO2 efficiencies of well above 0.52 gC/eNO2. This

method allows for NO2Z efficiencies of multiple times higher than 0.52 gC/eNO2. This is
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achieved by mcreasing the soot removal capacity of the NO2, with the objective of enhancing the
gffective NOZ supply {and not necessarly the equilibrium-limited NO2 supply). The mechanism
whereby the soot removal capacity of the NO2 s increased s the NO recveling mechanism. The
inventors have recognized that, within a catalyzed DPF given sufficiently long residence times
and sufficiently high temperatures, an NO2 molecule which has reacted with soot and formed an
NO molecule may then be recycled back inte NO2, which mav in turn participate in another soot
oxidation reaction. This process may repeat itself as many times as the residence time, kinetic
reaction rates of the soot oxidation and the NO oxidation reactions, soot availability, oxygen
availability, and catalyst avalabitity will allow.

1t should be noted that the metrie “NOZ efficiency”™ could alse be defined in terms of
moles C removed per moles NO2 provided. However, hecause NO2 efficiency is used here
primarily as a metne to compare the performance of conventional passive NO2-based
regenerations with active NO2-based regenerations with enhanced effective NOZ supply,
whether 1t s expressed in teems of gC/gNO2 or in ferms of moles C/moles NO2 1s not presently
believed to be significant, It is noted that during a conventional passive NO2-based
regeneration, there may well be recyching of NO, but the amount of recycling will be
significantly tower than that which is achieved via sctive NO2-based regeneration with enhanced
effective NO2 supply.

Further, the NOZ efficiency metric assumes that, where a catalyzing agent 1s provided
upstream of the DPFE, the catalyzing agent is an effective catalyzing agent. An effective
catalyzing agent is considered to be one that can raise NOZ levels substantially to maximum
possible equilibrivm levels for the conditions of the gas in question. To assume otherwise

presents the risk that, daring a conventional passive NO2-based regeneration, an ineffective
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upstream catalyzing agent could deliver low levels of NOZ and regeneration of the DPF would
be largely a function of conversion of NO 1o NO2 in the DPF aud indicate a high NO2 efliciency
without achieving soot removal efficacy according to aspects of the present invention. The
models and examples descnibed here assume that any upstseam catalyzing agent 1s an effective
catalvzing agent. For any svstem, t.e., one with an effective upstream catalvzing agent, one with
an ineffective upstream catalvzing agent, and one with no catalyzing agent, the equilibrium-
timited NO2 supply can also be considered to refer to the NO2 quantity that is passed out of the
DPF when no NO2 participates i a soot oxidation reaction, such as in the case of a DPF with no
soot present.

By actively increasing temperatures (and to the extent possible residence time), the
method set forth seeks to maximize the advantage oftered by the NO recveling mechanism,
Some effect can be achieved through various methods of increasing the residence ime, bowever,
in a conventional powertrain arvangement this will largely be dictated bv the engine operating
point {speed and load), and therefore the ability to reduce residence time will be lomited.
Maximizing how many times an NO2 molecule is recycled will primarily be achieved by
increasing the kinetic term of the NO oxidation reaction through thermal control of the reactant.
Because the number of NO recveles will increase faster with temperature than the equilibrium-
timited NO2 supply will fall, the effective NO2 supply can be tnereased even as the equiibrivm-
hmited NO2 sapply decreases.

In practice, the optimal temperature for active NO2Z-based regeneration with enhanced
effective NOZ supply will typically be the maximum teraperature which is allowed. This
maximum tempergture may be g temperature with accepted safety margin from a temperature at

which rapaway 02-based regenerations could occur, component temperature limits, ete., and the
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like, most of which will vary from system to system. Note, however, that if operating conditions
are such that a maxinum practical limit on NO recycles is achieved at a ziven temperature, then
further temperatare increases will in fact decrease the effective NO2 supply. The maximum
practical limit on NO recveles may be affected by factors sach as DPF design and physical
characteristics of the DPF wall. Also note that the method used to raise DPF temperatures may
affect regeneration performance. Specifically, for systems that combust hydrocarbons (HCs),
including catalyzed combustion systems, excessive HC stip into the DPF may negatively impact
the NO recyching process. In this case, under operating conditions where increases in DPF
temperature will result 1y substantialty increased HC ship to the DPFE, regeneration performance
may be negatively umpacted,

When not lmted by other constraimts, the maximum allowable temperature will be one
that approaches, but maotaing an adequate safety margin from, a teraperatare which would

trigger an uncontrolled O2-based regeneration. The temperature required 1o trigger an

uncontrolled O2-based regeneration will decrease as a function of catalyst characteristics and
increasing soot densities. In practice, a DPF inlet temperature of tess than or equat to about
550 7C, or less than or equal to about 300 °C, has been used to ensure both that an uncontroiled
2-based regeneration is not initiated and that a highlv effective active NO2-based regeneration
with enhanced effective NOZ supply is aclueved. Higher temperatures may be used, with
improved soot removal results, as loog as an uncontrofled O2-based regeneration 1s not triggered.
If necessary, lower temiperatures may also be used, although a decrease in soot oxidation
performance mav be observed.

Ordinarily, when applying methods according to aspects of the present invention, soot

oxidation will be maximized when the input NOx flow is optimally increased. Thesefore,
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constraints placed upon the maximum allowabie NOx flow will decrease the soot removal
performance - that 1s, how much time is required to regenerate the DPF from a given starting
soot {eading dowen to a given end soat loading. However, decreasing the input NOx quantity will
not significantly decrease the NOx efficiency, because the amount of inpuat NOx wall not
significantly affect the NO recyeling mechanism. Conceptually stated, decreasing the total NOx
flow will decrease the effective NO2 supply flow, but it will not decrease the soot removal
capacity of the NO2 reactant. This means that approximately the same total NOx quantity will
be required to regenerate a given soot quantity, it will ssmply require a longer regeneration event.
Therefore, the total NOx guantity required from the engine to regenerate a given soot quantity
using aspects of the present invention is still significantly less than what would be required for ¢
conventional NO2-based regeneration event.

4 should be noted that additional energy must be expended in order to actively increase
reactant temperature. Therefore, the least costly active NO2-based regeneration with enhanced
effective NO2 supply will be the one which is completed in the shortest amount of time {that 1s at
the highest altowable temperature, longest possible residence time, and highest alfowable input
NOx quantity). The regeneration performance of an active NO2-based regeneration with
enhanced effective NOZ supply mayv be limited in its ability to generate significant NOx
quantities by base engine coustraints such as maxinwm allowable evlinder pressure. Likewise,
the ability to initiate an active NO2-based regeneration with enhanced effective NO2 supply may
be limited by the ability to actively regulate reactant temperature, such as DOU systems that
require a minintam catalyst temperatore,

NOx aftertreatment devices, such as SCR, are not required for tmplementation of the

method, but will allow for complete ar partial reduction of elevated NOx levels exiting the DPEF
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NOx production {as well as manipulation of mass flow} can be accomplished through engine
controls (including injection timing, injection pressure, turbocharger vane posifion, and EGR
valve position). An alternative control strategy designed for optimal {or maxinmum allowable)
NOx production, exhaust gas temperature and DPF residence time during an active NO2-based
regeneration with enhanced effective NO2Z supply can be tmplemented and triggered by an ECUL
An aftertreatment hydrocarbon injector can inject fuel upstream of the DOC. The injected fuel is
oxtdized over the DOC, raising the exhanst gas temperatures, and thereby raising the tempersture
of the DPF and the caplured soot. Additionally, the DOC produces an NO2 supply from the
wnput NOx quantity. The NO2 quantity produced 1n the DOC 15 then passed into the DPF, where
soot oxidation 18 carried out according to the method and mechanism identified above.

It should be observed that NO2 may be formed from an NG molecule once within the
DOC. However, due to the NO recycle mechanism, NOZ cav be reformed from an NO molecuie
numerous times within the catalyzed DPF, as tllustrated in FIG. 1. Because the bulk of the
effective NO2 production happens within the DPF for aspects of the present invention, a DOC 13
not requited. Therefore, any system with a catalyzed DPF that is additionally capable of actively
regulating reactant temperatures, such as burner systems, electrical heating systems, microwave
systenis, etc., can be used for implementation of the method. The Hlustrated system used to
explain and describe the concept and method is nol intended to be representative of all systemy
on which the method may be implemented.

The current state of the art in catalyst technology has enabled conventional NCO2-based
regeneration under certain elevated exhaust temperature operating regimes of a diesel engine, but
with less efficacy than that which has been demonstrated for active O2-based regeneration.

Therefore, in many applications, reliance solely upon conventional NO2-based regeneration is

it
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not sufficient to meet the required soot removal tevels, and either active O2-based re
or a combination of active (O2-based and conventional NO2-based regeneration has been
employed, However, due to the exothermic and kinetically controlled nature of the 02/so0t
reaction, constraints are needed to avoid runaway O2-based regeneration. Particularly,
requirements of a minimum exhaust mass flow and maximum allowable DPF soot {oading must
be observed. The minimum exhaust mass flow constraint increases the likelihood of an
incomplete regeneration ocenrting when implemented in practice. The maximom DPF soot
loading will determine, among other things, how frequently DPF regenerations are requived.
Due to the diffusion lunited nature of the active NO2-based regeneration with enhanced
effective NO2 supply method, runaway NO2-soot oxidation reactions do not ocour. 1t is
possible, via aspects of the present invention, to nutiate an uncontrolled O2-based regeneration.
However, the exhaust mass flow constraint 1s lesseved via aspects of the active NO2-based
regeneration with enhanced effective NO2 supply method and apparatus. Likewise, the DPF
soot density necessary to initiate an uncontrolled O2-based regeneration is significantly raised
via aspects of the present invention, Higher allowable DPF soot loading levels altow for less
frequent regenerations. In certain apphications, higher allowable DPF soot loading levels may
result in an equilibrium soot loading tevel being reached that is lower than the maximum DPE
soot toading level, but higher than that whach would be allowed in O2-based regeneration
systems. Therefore, in these apphcations under normal circumstances, no active regenerations
would be required. However, should the DPF loading continue to rise above the expected
equilibrivan due to atypical operation, component failure or other causes, it could still be safely
regenerated with an active NO2-based regeneration with enhanced effective NO2 supply, which

wonld not be possible with an O2-based regeneration
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Further, active NO2-based regeneration with enhanced effective NO2 supply can be
achieved at significantly lower temperatures than an O2-based regeneration of equivalent
efficacy, thereby decreasing the negative performance impact on, and the likelihood of
dantaging, refevant exhaust aftertreatment devices. This will include components dowustream of
the soot filtration and regeneration system, such as an SCR.

FIG. 3A graphicallv iHustrates examples of conventional NO2-based regenerations and
examples of active NO2-based regenerations with enbanced effective NO2 sopply. Examples 1
and 2 iHostrate regeneration results using conventional NO2 methods, winle Examples 3A and
38 iftustrate regeneration results using aspects of the present invention. Total event time for the
regenerations shown graphically in F1G. 3A 15 shown in the Table w FIG. 3B. The total evert
time for these regenerations included tune spert warming up the test systems and, thus, NOx and
NO2 efficiencies shown in Table 1 below are hkely marginally lower than they would have been
if NOx and NOZ quantities were measured only over the period after normal conditions for
vegeneration had been reached. However, if the warm-up period were not included, it is
expected that the differences between the conventional NO2-based regenerations of Examples
and 2 and the active NO2-based regenerations with enhanced effective NO2 supply of examples
3A and 3B would be even more dramatically favorable.

The tesls described in Examples 1, 2, 3A, and 3B were all conducted on an engine
dvnamometer, and the engine was operated at the same engine speed and brake torque. Also, the
same equipment was used for each test. The engine was a US2010 Volvo MDU 1L B-Phase
Heavy-Duty Diesel Engine, the exhaust aftertreatment svstem was a Fleetguard B-Phase DOC
and DPF for Volvo US2010 ML The DOC and the DPE included a precious metal oxidation

catalyst; and the heating arrangement used was HC injection over a DOC.
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Test methodology was as tollows for soot load measurement. The engine was operated
through a predetermined scot loading routine to load the DPF. The DPF was weighed hot to
avoid moisture absorption errors and the starting soot loading was calculated. The DPF was re-
instalied and the desired method of regeneration was performed for & measured length of time.
Immediately following the regeneration, a hot weight was recorded, the new soot loading was
caleulated and the change in soot load was determined. At this point, for Examples 1 and 2, one
or two additional regenerations, respectively, were performed, and the soot loading after each
regeneration was measured. Once the desired number of regenerations was completed, the DPF
was regenerated for an extended period of time using a high efficacy method.

Table 1 shows a sumneary of the key statistics for the four Examples: Removed soot
mass, Accunudated NOx and NO2, Calculated NOxw and NO2 efficiencies, and Total fuel
consumed. NOx and NO2, at the DPF inlet, were integrated to determine the accumulated NOx
and NOZ quantities used in the NOx and NO2 efficiency calculation. In order to determine
accumulated NO2, the DOC NO2 conversion efficiency was modeled for all Examples in order
to determine NOZ as a percentage of NOx, herein referred to as NO2 percent. Additionally, ina
test replicating the conditions of Examples 3A and 3B, the NO2 was measured to confirm the

unexpected results achieved in Examples 3A and 3B,



ot
¥ ]

WO 2009/100412 PCT/US2009/033510

Table 1 Summary of key statistics

Soot Mass | Acc. | Acc. NOx NO2 Fuel
Removed | NOx | NO2 Efficiency Efficiency | Cons.
gC/gNO2 ‘

g g 9 gﬁgNt‘.}x Modeled/Veasured kg___

el 1 73.0 4733 | 236.7 0.18 0.31 21.37
% 2 67.0 976.2 | 635.0 0.07 0.11 28 42
S i3A 39.5 100.3 | 18.0 0.38 3.03/2.19 1.83
ik 101.0 3563 | 63.8 0.28 2.18/1.58 4.78

In Examples 1 and 2 the engine was calibrated to increase NOx production and, as much
as possibie, to raise exhaust gas temperature without the aid of HC myjection. Thereis a trade-off
between NOx production and exhaust zas temperature. For Example 1, the srade-off was made
towards a higher exhaust gas temperature, whereas Example 2 was biased towards higher NOx
mass flow.  The resuliant DPF inlet temperatures in Examples 1 and 2 ranged from
approximately 350 - 390 °C with an average DPF temperature of approximately 325 - 375 °C.

These gverage DPF temperatures approximate what would be seen in typical passive
NO2-based regeneration while driving, at least over some portion of a typical duty eycle. In
order to make steady-state tests that can be more easily analyzed, the Examples are understood o
represent a fair comparison between conventional methods and active NO2-based regeneration
with enhanced effective NO2 supply.

Examples 3A and 3B show active NO2-based regeveration with enhanced effective NO2
supply being conducted for two different regeneration durations. In Examples 3A and 3B the
engine was calibrated to increase NOx further than Example 2. Tn addition, HC injection over
the DOC was used to control the DPF inlet temperature to approximately 490 °C, resulting in an

average DPF temperature of approximately 470 °C. It will be seen from a comparison of
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Examples 1, 2, 3A, and 3B that regeneration via what 1s referred to here as conventional
techniques (Examples 1 and 2} tends to be slower than active NO2-based regeneration with
enhanced effective NO2 supply (Examples 3A and 3B). Moreover, the NOx efficiency and the
NQ2 efficiency of active NO2-based regeneration with enhanced effective NO2 supply tends to
be substantially greater than the NOx efficiency and the NO2 efficiency of conventional
technigques,

An exhaust afterireatment system (EATS) 21, particolarly useful in comection with a
diesel engine 23, 1s shown in FIG. 4. The EATS 21 comprises a diesel parficulate filter {DPF) 25
downstream of the diesel engine 23, The DPF 25 15 arranged 1o receive an exhaust gas stream
from the enging 23,

To perform active NO2-based regeneration with enbanced effective NO2 supply, a diesel
engine arrangement can compuise the diesel engine 23 arranged to introduce a NOx containing
pas into a catalyzed DPF 25, The mass flow of the NOx containing gas can be controtled in any
suitable manner, such as by variable valve timing, cylinder deactivation, or use of non-
conventional powertrain arrangements. In active NO2-based regeneration with enhanced
effective NO2 supply, the NOx level at the inlet of the DPF 25 is controlled, ordinarily by
adjusting focal flame tempersture in cylinders of an engine upstream of the DPF. Additionally, a
heating arrangement 47 can be arranged to control a temperature of at least one of the DPF 25,
the NOx containing gas, and/or the soot in the DPF. A controller 53 can be arranged to control
the heating arvangement to assist an active NO2-based regeneration with enhanced effective NO2
supply by controlling the temperature so that the NOx containing gas reacts with the catalyst to

form NO2 molecules, that thereafter react with soot particles to form CO, CO2, and NO
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molecudes, and achieving a NOZ efficiency greater than 0.32 gC/gNO2, and move preferably
areater than about 1.04 gC/gNQ2,

The heating arrangement 47 can comprise g hydrocarbon injection arrangement arranged
to control the temperature of at least one of the DPF 25 and the NOx containing gas by wjecting
a hydrocarbon into a diesel engine exhaust stream upstream of the DPF. The heating
arrangement may comprise a catalyst, such as in the DPF 25 or in a DOC 43 upstream of the
DPF for reacting with the hydrocarbon to increase exhaust gas temperature and/or to facilitate
conversion of NO 10 NO2. The heating arrangement 47 may comprise a burner for burning the
hydrocarbon. The heating arrangement 47 may be of a type that heats the DPF 25 mstead of the
NOx-containing gas stream, such as an electrical heating arrangement, or a aucrowave
arrangement tor heating the soot.

A conduaii 29 can be provided for permitting recirculation of gas including recivculated
NO andfor NO2 or both from a point 31 that s ordinarilv downstream of the DPF 25 to a point
that is ordinarily upstream 33 of the DPF. Recirculation of NO and/or NO2 can be useful during
active N{2-based regeneration with enhanced effective NO2 supply, as well as during passive or
active conventional NO2-based regeneration, and during O2-based regeneration. The
expressions “downstream of the DPF” and “upstream of the DPF” of the DPF 25 are intended to
include arrangements wherein the points 31 and 33 are remote from the DPE, as well as points on
the DPF that are downstream or upstream of substantial portions of the DPE, 1.e., the conduit 29
may connect directly to one or more potats on the DPF so that the conduit connects at a first
point downstream of the inlet of the DPF and another point downstream of the first point.  Other
arrangements are also possible, such as where an oxidation catalyst, such as a DOC, is provided

upstream (DOC 43) or downstream (DOC2 437) of the DPF aad recirculation could be from,
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e.g.. a point between the intet of the upstream oxidation catalvst and the outlet of the DPF to a
point upstream of the takeoff point. if recirculation takeofT ts from an oxidation catalyst DOC2
43" downstream of the DPF then recirculation is to a poust upstream of the outlet of the DPF. In
theory, recireulation could be from any takeoff point downstream of the inlet of the oxidation
catalyst (if provided) or DPF to any point upstream of the takeoff point so that at feast some NOx
{NO2, NO for reaction with O2 1o form NOZ, and/or both) is recirculated.

A reaction region can be arranged to cause the recirculated NQ 1o react with O2 te form
N2, The reaction region can comprise a region 37 including a point 35 at which air or 02
{hereinafter referred to as “air/O27) can be injected and mixes with the recirculated NO to form
NO2Z, The reaction region can, in addition ¢r in the alternative, comprise 4 region 1 which the
recirenlated NO reacts with O2 in the presence ot a catalyst to form NO2. The regton in which
the recirculated NO reacts with O2 in the presence of a catalyst can be a region 39 in which the
catalyst is in the DPF, however, the region in which the recirculated NO reacts with O2 in the
presence of a catalvst can be a region 41 in which the catalyst comprises a diesel oxidation
catalyst (DOC) 43 upsiveam of the DPF. The reaction region can comprise any one or more of
the reaction regions 37, 39, or 41, as well as other regions 1n which NO can be caused to react
with 02, the object of providing the region being simply to pronote a reaction of NO with 02 to
form NO2.

An/O2 can be injected downstream of the DPF 235 and upstream of a downstream DOC2
437, This may be useful, for example, to facilitate conversion of NO to NO2 1n DOC2 437 s0
that the NO2 can be recirculated back to the DPF 25, Air/O2 can be injected anywhere in the

exhaust aftertreatment system for the purpose of enhancing regeneratton.
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Recirculating NOZ2 or torpnng NO2Z from the recirculated NO and thereafter using the
NO2 to oxidize soot and form €O, CO2, and NO and thereafter recycling the NO to NOZ, which
will complete at least one further soot oxidation reaction to regenerate the DPF 25 shall be
referred to heren as “active NO2-based regeneration (of a DPF) with enhanced effective NO2
supply using recirculated NOx”. The method of recirculating NOx not only increases
regeneration effectiveness, but does so without increasing the regulated system out NOx, It is
contemplated that both NO recycling in a catalvzed DPF and NOx recirculation can be used
together beneficially, such as to increase NO residence timne in the DPF. Active NO2-based
regeneration with enhanced effective NO2 supply (which must include a catalyzed DPF and need
not mvolve NOX recirculation) and NO2-based regeneration using recirculated NOx (which need
not involve a catalyzed DPF) are both to be contrasted with conventional NO2-based
regeneration that seek to approach a balance point between kinetic and diffusion fimitation.
Active NO2-based regeneration with enhanced effective NO2 supply and NO2-based
regeneration using recirculated NOx are also both to be contrasted with active O2-based
regeneration in which substantially all soot 15 removed by reaction with 02 and which fypically
is performed at substantially higher temperatures (above about 600 °C to about 625 °C for a
catalyzed DPE, and up to and sometimes in excess of 660 *C for an uncatalvzed DPF} than
conventional NO2-based regeneration, active NO2-based regeneration with enhanced effective
NO2 supply, or NO2-based regeneration using reciccalated NOx. Active O2-based regeveration
also typically involves heating of the exhaust stream at the inlet 45 of the DPF, such as with a
heating arrangement 47 such as an aftertreatment hydrocarbon injector.

A NOx aftertreatment device such as a selective catalytic reduction aftertreatment device

{SCR) 49 can be provided downstream of the DPF 25 to reduce NOx enissions. The reaction
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region 37 at which air/O2 is injected may be disposed downstream of the DPF 235 and upstream
of the SCR 49, however, it will ordinanly be disposed upstream of the DPF and, if provided, a
DGC 43, In some circumstances, however, it may be useful to inject ai/O2 downstream of the
DPF 25, The injection point 35 for the air/O2 can, alternatively, be downstream of the DOC 43
(if provided). The conduit 29, more particularly, the point 31 of the conduit downstream of the
DPF 25, can be disposed downstream of the region 51 at which air/O2 is injected such that gas
recirculated through the conduit can include at least some of the injected aiv/O2 which can react
with recirculated KO to form NO2 for NO2-based regeneration using recirculated NOx.

A femperature monttor 32 can be provided and associated with a controlter 53 such as
one or more BCUs, which may comprise, for example, one or more computers or
microprocessors, for controlling temperature of the DPF 25 or at the let 45 of the DPF. The
temperature montor 32 will ordinarily be disposed at, or upstream of, the inlet 45 of the DPF 23
Ordinarily, temperature during active NO2-based regeneration with enhanced effective NO2
supply 1s maintained at less than or egual to about 5530 °C or less than or equal to about 500 °C,
and ordinarily it is maintained at least at 4530 °C. Where temperatures are described as being less
than or equal to “aboul” some value, it will be understood that the temperature may exceed the
particular value by a small amount, and some transient excursions may exceed the particular
value by more than a swall amount. The heating arrangement 47 may be controlled by the
controller 83 to increase temperature to within the desived temperature range. I temperatures are
above the desired range, appropriate cooling measures can be taken, such as introducing outside
atr/fO2 at the injection region 37 by controlling a valve 55 via the controller 33, The controller

53 can also control a valve 36 in the atr/Q2 line 51 (f provided) downstream of the DPF 25, such
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as for controlling temperatures in the SCR 49 or for controlling mixing of rectreulated NO with
02

While the temperature ranges noted are approximate, above about 550 °C, there s
ordinarily an increased risk of rungway regeneration in a DPF with heavy soot loading. At
temperatures less than or equal to about 350 °C, it is presently theorized that less than two thirds,
and possibly less than half, of the soot removed will be removed by reaction with O2 during
active NO2-based regeneration with enhanced effective NO2 supply. Evaloation of the
theoretical percentage of soot mass that is removed from the DPF by oxidation with O2
motecules in the gas to form CO and CO2 molecules (which shall also be referred to here by the
shorthand term “02 participation” in soot resnoval) must be done over a time period that is
significant with respect to, but not exceeding, the length of an effective regeneration of a
substantially full DPF. The DPF is considered to be effectively regeverated once a significant
soot removal rate is not maintained. A significant soot removal rate is determined with respect
1o the soot removal rate during a substantial portion of the soot removal. A substantial portion of
the soot removal can be considered to be approximately 50% of the total soot removed. The
DPF is considered to be substantially full when the DPF soot foad is at least 90% of the soot load
at which regeneration ordinarily wili be initiated in the system under consideration. For various
reasons, it is recognized that what is presently theorized will tend 10 suggest higher 02
participation than actually occurs.

At temperatures less than or equal to about 550 °C, i NOx levels at the inlet of the DPF
are not controlled as occurs during active NO2-based regeneration with enhanced effective NO2
supply. a stower regeneration might be performed in which substantially all soot removal s doe

to reaction with G2, Control of temperature and control of NOx levels via active NO2Z-based

]
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regeneration with enhanced effective NO2 supply will ordinarily substantially mcrease
vegeneration efficacy.

1t 15 also presently theorized that, ordinarily, when temperatures are raised sufficiently so
that more than two thirds of the soot removed is removed by reaction with O2, the temperature
wiil be approaching temperatures typically associated with fower temperature ranges of some
02-based regenerations, although in those O2-based regenerations, because NOx is not
controlled as in active NO2-based regeneration with enhanced effective NO2 supply,
substantially all soot removal is performed by 02, When NOx levels at the inlet of the DPF are
controlled as for active NO2-based regeneration with enhanced effective NOZ supply and
temperatures gre raised sufficientlv so that more than two thirds of the seot removed s removed
by reaction with Q2, DPFs that are heavily loaded with soot may be at risk for uncontrolied
regeneration.

A useful, but not necessarily exclusive, technique for determining the percentage of soot
mass that 1s removed from the DPF 11 any method, such as during active NO2-based
regeneration with enhanced effective NO2 supply, through oxidation by 02 molecules in the gas
to form CO and COZ2 molecules, a k a., 02 participation, involves a series of empirical tests,
particularly, a series of empirical regenerations, with each regeneration made over the same time
period, which is significant with respect to, but not exceeding, the time required to effectively
regenerate the DPF. The DPF shall be deemed to be effectively regenerated once a signmificant
soot removal rate 1s not maintained. A significant soot removal rate is determined with respect
to the soot remaoval rate during a substantial portion of the soot removal. A substantial portion of
the scot removal can be considered to be approximately 0% of the total soot removed,

The contemplated technigue for determining O2 participation proceeds as follows:

L]
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{A) The DPF is effectively cleaned. Various suitable methods for cleaning a DPY are
known, and the particular method used to clean the DPF ix not believed to be of particudar
importance, except that the method must produce reasonably consistent results and the same
method should be used consistently.

(B} Subsequent to step {A), the DPF s loaded to at least 90% of the soot load at which
regeneration ordinarily will be initiated in the system under consideration. The particular
conditions under which and method by which the DPF is loaded should produce reasonably
consistent results, and the same conditions and method should be used consistently.

{3 Subsequent to step (B), the DPF is regenerated via the method to be investigated
{“investigative regeneration”), such as an NOZ-based regeneration with enhanced effective NO2
supply, over a time period which is significant with respect to, hut not exceeding, the time
required to effectively regenerate the DPF. The total soot removal during the regeneration is
measured.

(D) Subsequent to step {C), the DPF is again effectively cleaned.

{F) Subsequent to step (I3), the DP¥F is loaded to the same starting soot load as dusing the
investigative regeneration {or as close o that load as 1s reasonably possible}.

{F) Subsequent to step (E), the DPF is then regenerated via a comparative regeneration
method (“comparative regeneration”) for & time equal to the tune of the ivestigalive
regeneration. The comparative regeneration will be perfonmed dentically to the investigative
regeneration, except that NOx levels at the iuput of the DPF have been decreased to levels that
are insignificant with respect to the regeneration of the DPF. Upon completion of the

comparative regeneration, the total soot removal is mreasured.
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{(x) Thetotal soot removal via the comparative regeneration is divided by the total scot
vemoval of the investigative regeneration {o determine the maximum fraction of soot mass
removed from the DPF through oxidation by O2 molecules in the gas to form CO and CO2
molecules during the investigative regeneration,

By defining O2 participation over a time period that is significant with respect to the time
required to effectively regenerate, it is intended to exclude measurements calculated on the basis
of transient occurrences and or veflecting regenerations that continue past the point at which a
significant soot removal rate 1s no longer maintained.

The technique described is expected to over-estimate the actual fraction of the soot mass
removed by O2 during the investigative regeneration and therefore 15 a conservative measure of
Q2 participation. More precise empirical and/or theoretical techniques may show even lower
levels of 02 participation than are expected to be demonsirated by the method described above.

The controller 533 can also be arranged to stop and start recircolation of NOx through the
conduit 29, such as by closing or opening a valve 57 in the conduit, so that NO2-based
regeneration using recirculated NOx in which soot is oxidized at least in part by NOZ formed
from or carried by the recirculated gas is stopped or started, and, when NO2-based regeneration
using recirculated NOx is stopped, so that a conventional or an active NO2-based regeneration
with enhanced effective NOZ supply regeneration operatton occurs in which soot is oxidized

-~
i

without recirculation. The valve 37 in the conduit 29 will ordinarily be adjustable to a plurality
of positions including fully opened and fully closed, as well as to positions between fully opened

and fully closed so that NO2-based regeneration using recireylated NOx can be completely

stopped, partially stopped, or operated at maximum capacity. Adjustability of NQ2-based
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regeneration using recircalated NOx can facilitate control of NOx production from the engine 23
and/or control of the rate of regeneration of the DPF.

The controller 53 can alse be arranged to control the heating arrangement 47 to inttigte an
active O2-based regeneration operation wherein a temperature at the let 45 of the DPF 25 is
fncreased sufficiently to oxidize soot in the DPE with Q2 in the exbaust stream when the active
NO2-based regeneration with enhanced effective NO2 supply or NO2-based regeneration using
vecirculated WOx is at least pantially stopped The methods can be at least partially stopped and
an active O2-based regeneration can be inttiated, such as by mereasing temperature at the mtet
45 of the DPF, 1ncreasing temperature of the DPF 25, or increasing temperature of the soot,
when the soot loading level is sufficiently low.

A pressure sensor arrangement 39 can be arranged relative to the DPF 25 and can be
adapted to send a signal corresponding to a pressure drop across the DPF to the controlier S3.
Pressure drop across the DPF 25 (together with volume flow through the DPF) often bears a
relationship to soot loading of the DPF. Different regeneration schemes involving different
methods of regeneration can be performed. For example, a regeneration scheme may be devised
to perform ditferent methods of regeneration depending upon the pressure drop across the DPF
25, or some other indicator of soot loading. At hugh soot loading levels, the temperatures
tvpically associated with an O2-based regeneration may be sufficiently high to cause a runaway
regeneration that could damage the DPF. Lower temperatures, relative to those associated with
O2-based regeneration, and which are typically associated with an active NO2-based
regeneration with enhanced effective NO2 supply, may still be sufficiently high to inttiate
ungway 02-based regeneration reactions that could damage the DPF when soot leading levels

are higher sl Axr such high soot loading levels, a regeneration scheme nyight begin with a
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conventional NO2-based regeneration, 1.e., an N{32-based regeneration having an NQOZ2
efficiency less than 0.52 gC/gNO3Z, and then, after the pressure drop across the DPF 23 {or other
measure of soot loading) indicates g lower soot load level, switch over to an sctive NO2-based
regeneration with enhanced effective NO2Z supply. Once indicated soot load has dropped further,
an active O2-based regeneration mighs be initiated. During any of the conventional NO2-based
regeneration, active NO2-based regeneration with enchanced effective NO2 supply, or active
(32-based regeneration, NO2-based regeneration using recircolated NOx (involving vecirculation
of NO andfor NO2) can be performed at the same time. Also, during any of the conventional
NO2-based regeneration, active NO2-based regeneration with enchanced effective NO2 supply,
or getive O2-based regeneration, the regeneration can be switched to NO2-based regeneration
using recirculated NOx, or vige versa.

The controller 53 can also be arranged to adjust NOx levels in the exhaust gas stream for
purposes of adjusting the rate of conventional and/or active NO2-based regeneration with
enhanced effective NO2 supply and/or control of NOx production from the engine 23, ordinarnly
by adjusting local flame temperature in cylinders of an engine upstream of the DPF. This can be
accomplished by, for example, appropriate adjustinent of one or more of fuel injection timing
and/or fuel injection pressure of a fuel injection system 61, vane position in a turbocharger 63,
and BEGR valve 65 position, as well as by other actuators, such as a throttle, all of which can be
controlled by the controller 83, In this way, NOx available for conventional NO2-based
regeneration or active NO2-based regeneration with enhanced effective NOZ supply or NO2-
based regeneration using recirculated NOx, as well as NOx emissions from the EATS 21, can be
adjusted. Typically, in active NO2-based regeneration with enhanced effective NO2 supply,

NOx levels at the inlet of the DPE are controlled by increasing them to above levels that the gas
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would ordinarily have, which levels are typically those set by environmental legisiation. The
gxtent to which NOx levels are controlled will tvpically depend upon factors such as the
particular source of NOx, e.g., diesel engines of different sizes, and other operating conditions,
and may vary widely from system o svstem.

Mechanical means 67 (shown in phantom} for recirculating gas through the conduit 29
can be provided, such as by providing a pump in the conduit, or gas can be recirculated by a
venturi effect resulting, for example, from gas flow throngh the exhaust line 6% upstream of the
DPF.

1n a method for regenerating the DPF 25 according to an aspect of the present invention,
soot in a catabvzed DPF 23 is oxidized with NO2 so that CO, CO2, and NO are formed.
According to the method, a NOx containing gas is introduced into the catalyzed DPF 25, and a
temperature of at feast one of the DPF, the captured soot, and the NOx containing gas is
controfled, such as via a heating arrangement 47, and NOx levels at the infet of the DPF are
controlled so that the NOx containing gas reacts with the catalyst to form NO2 molecules that
thereafer react with soot particles to form (0, COZ, and NO molecules and a NO2 efficiency is
greater than 0.532 gC/gNO2 and so that Jess than two thirds of the soot mass that is removed from
the DPF is oxidized by 02 molecules in the gas to form CO and CO2 molecules.

A temperature of at least one of the DPF 25, the captured sool, and the NOx containing
gas will ordinarily be controlled such that the temperature is less than or equal to about $50 °C,
or less than or equal fo about 300 °C, and, ordinarily, above at least 430 °C. NOx from
downstream of the DPF 25 can be recirculated to upstream of the DPF, ordinasity upstream of

any diesel oxidation catalyst (DOC) 43 upstream of the DPF that is provided. Temperature at an
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inlet of the DX 43 can be controlled, such as by injecting a hydrocarbon into a diesel engine
gxhaust stream upstream of the DOC.

Various measures can be taken to adjust the composition of the NOx-containing gas
entering the DPF. Air/O2 can be injected upstream of the DPFE. NOx production in a diesel
engine upstream of the DPF can be adjusted, such as by adjusting local flame temperature in

An NO2-based regeneration of the DPF 28 using recirenlated NOx can be performed by
recirculating at least some of the NO from the DPF and forming NOZ2 by reacting the recirculated
NO with O2 at one or more reaction regions 37, 39, andfor 41, Puring NO2-based regeneration
using recireulated NOx, at least some of the NO2 that oxidizes soot in the DPF 25 15 NO2
fornted from or carried by the recirculated gas. Temperature at an wilet 45 of the DPF 25 45
ordinaridy controlled during active NO2-based regeneration with enhanced effective NO2 supply
and NOZ-based regeneration using recirculated NOx when performed using a catalyzed DPF
such that the temperature is about 500 °C and above at least 450 °C.

During NO2-based regeneration using recirculated NOx, NOx from a point 31
downstream of the DPF 25 is recirculated to a point 33 upstream of the DPF. Au/(2 can be
njected upstream of the DPF 25 during active regeneration, such as at a reaction region 37 at
which the O2 will react with recirculated NO to form recyeled NQ2. o addition, or
atternatively, the recirculated NO can be reacted with O2 in the presence of & catalvst during
active regeneration, such as in a reaction vegion 41 10 a DOC 43 and/or a reaction region 3% ina
catalvzed DPF 25.

NOx gases that exit from the DPF 23 and that are not recirculated can be treated to

reduce NOx levels, such as in an SCR 49 downstream of the DPF. Ais/O2 can be injected at a
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point 31 downstream of the DPF and upstream of the SCR and some of the injected air/O2 can
be recirculated with the recirculated NOx to facilitate formation of NO2 for use in the NO2-
based regeneration using recireulated NOx. The injected air/O2 can also be used to control
temperatures 4t an inlet of the SCR 49,

NOx production can be controlled, such as by the controller 33, in the diesel engine 23
upstream of the DPF 25, such as by controlling the local flame temperature in the cvlinders of
the engine. This can be accomplished by, for example, adjosting timing and pressure of fuel
nyection of a fuel injection system 61, vane position of a turbocharger 63, and position of an
EGR valve 63, In this way, NOx available for conventional N{2-based regeneration or active
NQ2-based regeneration with enhanced effective NO2 supply or NO2-based regeneration using
recircutated NOx, as well as NOx emissions from the EATS 21, can be adjusted.

Active O2-based regeneration can be initiated, such as by the controller 53, based on soot
foading fevels in the DPF or some characteristic indicative of, e.g., soot loading levels, such as g
pressure drop across the DPF 25, Additionally, NO2-bused regeneration using recirculated NOx
can be terminated, such as by closing a valve 57 in the conduit 29, and active O2-based
regeneration or conventional NO2Z-based regeneration or active NO2-based regeneration with
enhanced effective NO2 supply including oxidation of soot without recirculated NO2 can be
performed. In this way, regeneration rate of the DPF andfor NOx emissions from the EATS 21
can be adjusted,

1n the present apphication, the use of terms such as “Including”™ 1s open-ended and is
intended 1o have the same meaning as terms such as “comprising” and not preclude the presence
of other stracture, material, or acts. Similarly, thongh the nse of terms such as “can™ or “may” is

intended 10 be open~ended and to reflect that structure, material, or acts are not necessary, the
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failure to use such terms is not intended to reflect that structure, material, or acts are
essential. To the extent that structure, material, or acts are presently considered to be
essential, they are identified as such.

While this invention has been illustrated and described in accordance with a
preferred embodiment, it is recognized that variations and changes may be made therein
without departing from the invention as set forth in the claims.

It is to be understood that, if any prior art publication is referred to herein, such
reference does not constitute an admission that the publication forms a part of the

common general knowledge in the art, in Australia or any other country.
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WHAT IS CLAIMED IS:
1. A method for regenerating a catalyzed diesel particulate filter (DPF) via
active NO2-based regeneration with enhanced effective NO2 supply, comprising:
introducing a NOx containing gas into the DPF; and
controlling a temperature of at least one of the DPF, the NOx containing gas,
and soot in the DPF while controlling NOx levels at an inlet of the DPF so that the NOx
containing gas reacts with the catalyst to form NO2 molecules that thereafter react with
soot particles to form CO, CO2, and NO molecules and a NO2 efficiency is greater than
0.52 gC/gNO2 and so that less than two thirds of the soot mass that is removed from the

DPF is oxidized by O2 molecules in the gas to form CO and CO2 molecules.

2. The method as set forth in claim 1, comprising controlling temperature of
the at least one of the DPF, the NOx containing gas, and soot in the DPF while
controlling NOx levels at the inlet of the DPF so that less than one half of the soot mass
that is removed from the DPF is oxidized by O2 molecules in the gas to form CO and

CO2 molecules.

3. The method as set forth in claim 1, comprising controlling temperature of at
least one of the DPF, the captured soot, and the NOx containing gas such that the

temperature is less than or equal to about 550 °C and above about 450 °C.

4. The method as set forth in any one of the preceding claims, comprising

recirculating NO from downstream of the DPF to upstream of the DPF.
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5. The method as set forth in claim 4, comprising recirculating NO to

upstream of a diesel oxidation catalyst (DOC) upstream of the DPF.

6. The method as set forth in claim 5, comprising controlling temperature at an
inlet of the DOC by injecting a hydrocarbon into a diesel engine exhaust stream

upstream of the DOC.

7. The method as set forth in any one of the preceding claims, comprising

injecting O2 upstream of the DPF.

8. The method as set forth in any one of the preceding claims, comprising
controlling NOx levels at the inlet of the DPF by controlling NOx production in a diesel

engine upstream of the DPF.

9. The method as set forth in any one of the preceding claims, comprising
controlling temperature of at least one of the DPF and the NOx containing gas by

injecting a hydrocarbon into a diesel engine exhaust stream upstream of the DPF.

10. The method as set forth in any one of claims 1 to 8, comprising controlling

temperature of at least one of the DPF and the NOx containing gas by heating the DPF.

1. The method as set forth in any one of the preceding claims, wherein the

NO?2 efficiency is greater than 1.04 gC/gNO2.

43

4309322_1 (GHMatters) P34846 AU




02 May 2013

2009212195

10

15

20

12. A diesel engine arrangement comprising:

a diesel engine arranged to introduce a NOx containing gas into a catalyzed
diesel particulate filter (DPF),

a heating arrangement arranged to control a temperature of at least one of the
DPF, the NOx containing gas, and soot in the DPF; and

a controller arranged to control the heating arrangement to perform an active
NO2-based regeneration with enhanced effective NO2 supply by controlling the
temperature and by controlling NOx levels at an inlet of the DPF so that the NOx
containing gas reacts with the catalyst to form NO2 molecules that thereafter react with
soot particles to form CO, CO2, and NO molecules and a NO2 efficiency is greater than
0.52 gC/gNO2 and so that less than two thirds of the soot mass that is removed from the

DPF is oxidized by O2 molecules in the gas to form CO and CO2 molecules.

13. The diesel engine arrangement as set forth in claim 12, comprising a
hydrocarbon injection arrangement arranged to control the temperature of at least one of
the DPF and the NOx containing gas by injecting a hydrocarbon into a diesel engine

exhaust stream upstream of the DPF.

14. The diesel engine arrangement as set forth in either claim 12 or 13,

comprising a heating arrangement for heating the DPF.

15. A method of regenerating a diesel particulate filter (DPF), comprising:
performing a first regeneration to at least partially regenerate the DPF by

performing an active NO2-based regeneration with enhanced effective NO2 supply, the
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active NO2-based regeneration with enhanced effective NO2 supply comprising
introducing a NOx containing gas into the DPF, and controlling a temperature of at
least one of the DPF, the NOx containing gas, and soot in the DPF while controlling
NOx levels at an inlet of the DPF so that the NOx containing gas reacts with the
catalyst to form NO2 molecules that thereafter react with soot particles to form CO,
C02, and NO molecules and a NO2 efficiency is greater than 0.52 gC/gNO2 and so that
less than two thirds of the soot mass that is removed from the DPF is oxidized by O2
molecules in the gas to form CO and CO2 molecules; and

performing a second regeneration to at least partially regenerate the DPF by
performing at least one of a conventional NO2-based regeneration and an active O2-

based regeneration.

16. The method as set forth in claim 15, wherein the first regeneration is
performed after a regeneration to at least partially regenerate the DPF by performing the
conventiona’ NO2-based regeneration and before a regeneration to at least partially

regenerate the DPF by performing the active O2-based regeneration.

17. The method as set forth in either claim 15 or 16, comprising performing an

NO2-based regeneration of the DPF using recirculated NOx.

18. The method as set forth in claim 17, wherein the NO2-based regeneration of
the DPF using recirculated NOx is performed simultaneously with at least one of the
conventionel NO2-based regeneration, the active NO2-based regeneration with

enhanced etfective NO2 supply, and the active O2-based regeneration.
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19. The method as set forth in claim 17, wherein the NO2-based regeneration of
the DPF using recirculated NOx is performed before at least one of the conventional
NO2-based regeneration, the active NO2-based regeneration with enhanced effective

NO2 supply, and the active O2-based regeneration.

20. The method as set forth in claim 17, wherein the NO2-based regeneration of
the DPF using recirculated NOx is performed after at least one of the conventional
NO2-based regeneration, the active NO2-based regeneration with enhanced effective

NO2 supply, and the active O2-based regeneration.
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