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SUMMARY

Most diesel engines require diesel particulate filter (DPF) systems to meet increasingly
stringent emissions regulations, which are equipped with a passive or active regeneration system.
Although extensive research has been reported focusing on the development of efficient DPF
systems, significant improvements are still needed in their performance. This includes reducing
back pressure due to soot and ash build-up, improving material durability and filtration
efficiency, and developing smart DPF control management systems for optimum regeneration
strategies. In particular, an effective thermal management system is necessary to prevent the
failure of a DPF system caused by the thermal runaway. To this end, there has been significant
research on the oxidation behavior of diesel PM. However, most of studies have analyzed PM
samples taken from the engine exhaust pipe. It is important to investigate the heat release
characteristics and the oxidation behavior of PM for designing optimum DPF regeneration
algorithms. Such information is important not only for devising efficient thermal management
systems for DPF regeneration, but also for developing accurate predictive models. Furthermore,
PM contain various chemical components, such as elemental carbon, soluble organic fractions
(SOFs), sulfur oxides, and metal oxides. Moreover, the particulates display significant
differences in morphology, depending upon speed and load. Researchers have often used
surrogate soot such as commercially available graphite or soot samples collected from lab-scale
burners. However, oxidation experiments with surrogate soot often provide inaccurate data due

to the differences in composition and morphology of diesel PM and surrogate soot.

The present study aims to characterize the oxidation and heat release behaviors of diesel

PM collected directly from the filter membrane of a DPF system connected to a diesel engine

Xiv



SUMMARY (Continued)

exhaust pipe of 1.9L four cylinder light duty diesel engine, and examine the effects of volatile
component of SOF and thermal aging on the oxidation of diesel PM. In addition, differences in
the oxidation behavior of diesel PM and surrogate soot are characterized by performing
experiments under the identical conditions. For oxidation experiments, a differential scanning
calorimeter (DSC) and a thermogravimetric analyzer (TGA) were used to measure temporal rate

of heat release and mass or mass loss rate in the oxidation of soot samples, respectively.

The results of DSC experiments revealed that the amounts of heat released from the
oxidation of SOF-containing diesel PM sample, dry diesel soot, and surrogate soot were
approximately 14.67 kJ/g, 17.3 kJ/g, and 14.02 kJ/g, respectively, indicating that the largest heat
release was obtained from the dry diesel soot sample. Results also indicated significant
differences in the temporal rates of heat release in the oxidation of SOF-containing diesel PM,
dry diesel soot and surrogate soot. In the TGA experiments, the oxidation rate of surrogate soot
decreased continuously as the soot was oxidized, while that of diesel soot was nearly constant
until about 80% of the sample mass was oxidized, and then decreased as the sample was
completely oxidized. In addition, the oxidation behavior of surrogate soot was found to be
essentially independent of the heat treatment schemes used, while that of diesel soot was strongly
influenced by them. The effects of SOF and thermal aging on diesel PM oxidation were
characterized. Results indicated that the PM oxidation was only weakly influenced by the
presence of volatile components of SOF, whereas it was noticeably affected by thermal aging.
The global Kinetic parameters were determined for the diesel PM and surrogate soot samples.

Finally, a model for predicting heat release rate was developed with the experimental data.

XV



CHAPTER 1

INTRODUCTION

1.1 General

The diesel engine is one of the most widely-used power sources available for industrial,
commercial, and personal transportation, owing to its high efficiency, reliability and durability.
These advantages of diesel engine are leading to its continued increase in the global use, yet
exhaust emissions from diesel engines have caused air pollution problems. The complete
combustion of hydrocarbon fuels would only generate CO, and H,O. In the practical engine
operations, however, the combustion process is often incomplete, due to the heterogeneity of the
air-fuel mixture in cylinder.

It has been reported in literature (Jelles, 1999; Johnson et al., 1994) that typical diesel
exhaust emissions are composed of a wide range of organic and inorganic compounds distributed
in gaseous and particulate emissions. These emissions include CO, CO;, NO, NO,, N,O, NHj,
volatile organic compounds, water vapor, hydrocarbon (HC), poly-cyclic aromatic hydrocarbons,
carboxyl compounds, organic acid, halogenated organic compounds, sulfur dioxides, and
dioxins. Particulate matter (PM), organic compounds, carbon monoxide, carbon dioxide, HCs,
and NOx are major products in engine combustion. In addition, diesel exhaust emissions contain
inorganic constituents such as metal oxides and sulfur oxides.

Reduction of diesel PM from combustion in diesel engines is of prime important in terms
of environmental pollution (Chameides and Bergin, 2002) and potential human health impacts
(Seaton et al., 1995; Biinger et al., 2000). In particular, it has been significantly investigated that

diesel PM is hazardous to human health due to its potential mutagenic (Berisario et al., 1984;
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Ohe, 1984) and carcinogenic activity (Bhatia et al., 1998; IARC, 1989; Kreyling et al., 2007). In
addition, diesel particulate emissions are reported to cause respiratory inflammations (Riedl et
al., 2005; Schwarze et al., 2006).

These negative effects of diesel exhaust emissions on human health have led to many
governmental agencies legislating stricter emissions standards. In order to meet these regulations
and reduce diesel particulates emitted to the atmosphere, diesel engines typically require after-
treatment in the exhaust system, such as particulate filter system. As the filter accumulates diesel
particulate emissions, it builds up backpressure causes many negative effects, such as decreased
combustion efficiency or possible filter failure. Therefore, diesel particulate filters (DPFs) have
been developed to efficiently remove the accumulated PM emissions in the regeneration process,
although they still require significant improvement in performance, such as reducing the back
pressure caused by soot/ash build-up, improving high filtration efficiency, material durability,

and optimum regeneration strategies.

1.2 Diesel Particulate Matter

In general, the particulate matter is formed by incomplete combustion of gaseous fuels.
These particulates start to grow from small carbon particles to large porous agglomerates through
several processes, such as pyrolysis, nucreation, surface growth, coalescence, aggregate, and
oxidation. The compositions of diesel PM depend on where and how they are collected. The US
Environmental Protection Agency (EPA) defined PM emissions as all compounds collected on a
preconditioned filter in dilute diesel exhaust gases at a maximum temperature of 52 °C.
Typically, diesel particulates contain various chemical components, such as elemental carbon,

soluble organic fractions (SOFs), sulfuric acids, and metal oxides. Figure 1 illustrates the



structure of soot particle and other compounds. (Maricg, 2007). In the exhaust tailpipe, most of
volatile components are of gaseous phase because of high exhaust temperatures. In emissions
measurements, consequently, the dilution and cooling processes affect not only the amount of

volatile components condensed in elemental carbons but formation of particulates (Kasper et al.,

2000).
. = soot ‘ = condensed HC/SO,
= nucleation mode ‘ = imbedded metallic ash
Figure 1. Illustration of diesel particulate matter (PM) emission (Maricg, 2007).

The SOF is a major component often contained in diesel PM emissions. It mainly consists

of heavy hydrocarbons (Levsen, 1988), such as aliphatic hydrocarbons, polycyclic aromatic



hydrocarbons (PAHS), nitric PAHs, and oxygenated PAHSs, and aldehydes, which are produced
due to incomplete combustion of diesel fuels (Duran et al., 2002) or lubricating oils (Farrauto
and Voss, 1996; Froelund and Schramm, 1997). Figure 2 shows the chromatograms of SOFs
contained in diesel PM, diesel fuel, and lube oil. As shown in the figure, the SOF portion of

particulates was comprised primarily of lube oil with a small amount of unburned fuel.

SOF from Diesel
Particulates

10000 3
8000 =
8000 =

7000 3 § 8
6000 s 8 g
5000 3 a8 § g g
4000 % o o < = 3
3000 % a ) €
2000 3 : I
1000 T A
0 T g 0 , 0 T T ' ' ' i h 0 T
40 20 30 40 50
Diesel Fuel Tube Oil

0 T g " 1 T T
10 20 30 40 S0

Time (min.)
Figure 2. GC profiles for the SOF from the diesel PM emissions, diesel fuel, and lube oil

(Farrauto and Voss, 1996).

An important observation reported in previous studies (Lee et al., 2002a; Lee et al., 2003b)
was that the amount of SOF in diesel PM strongly depends on engine speed and load conditions,
and, consequently, particulates sampled at different engine operating conditions displayed
significant differences in morphology. Particles sampled at low engine speed and loads appeared

to be amorphous and nebulous, while those sampled at high engine speed/load conditions
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exhibited graphitic structures. The authors attributed the amorphous structures to a saturation of
SOFs initially residing in exhaust gas emissions, where combustion temperatures were relatively
low. In contrast, graphitic structures are formed under high temperature and pressure conditions.
Although any direct linear relation has not shown in the literature, the Raman spectroscopic
analyses indicated that the degree of graphitic structures increased linearly with engine speed. In
addition, metal compounds in lubrication oils lead to a small amount of inorganic ash (Kittelson,

1998).

1.3 Environmental Requlations

Diesel PM emissions have been well known to be responsible for air pollution and human
health hazards. In particular, the heavy hydrocarbons (HCs) condensed in particulates are of
particular concern, because several of them have shown carcinogenicity and mutagenicity, as
reported in various investigations. Once diesel PM emissions including HCs are in the lungs,
they can be trapped and deposited in the brochial passage and alveoli of the lungs, and then result
in inflammatory reaction (Schwarze et al., 2006). If the particles are small enough, they can
penetrate the blood stream, and then deposit in living organs, such as liver, spleen, Kidneys,
heart, immune system, and central nerve system. The inflammation can be caused where the
particles are accumulated, and can act as carcinogens (Kreyling et al., 2007).

To resolve these problems of diesel particulates, diesel engines typically require after-
treatment devices. Furthermore, upcoming strict emissions regulations in U.S. and Europe are
providing a motivation to engine manufactures for developing advanced after-treatment systems

that can significantly reduce tail-pipe diesel particulate emissions.



1.3.1 U.S.A. Emission Standards

1.3.1.1 On-highway Diesel Truck and Bus Engines

The Following emission standards apply to diesel engines used in heavy-duty highway
vehicles. Heavy-duty vehicles are defined as vehicles of gross vehicle weight rating (GVWR) of
above 8,500 Ibs in the federal jurisdiction. Diesel engines used in heavy-duty vehicles are further
divided into three different classes by GVWR. The diesel engine models used for the 8,500 —
19,500 Ibs, 19,500 — 33,000 Ibs, and over 33,000 Ibs vehicle category are classified into light
heavy-duty (LHD), medium heavy-duty (MHD), and heavy heavy-duty (HHD), respectively.
Current federal emissions standards are expressed in g/bhp-hr and require emission testing over
the transient federal test standard (FTP) engine dynamometer cycle and steady-state
supplemental emission testing (SET).

The transient FTP testing cycle consists of four phases: 1) NYNF (New York Non
Freeway) phase typical of light urban traffic with frequent stops and starts, 2) LANF (Los
Angeles Non Freeway) phase typical of crowded urban traffic with few stops, 3) LAFY (Los
Angeles Freeway) phase simulating crowded expressway traffic in Los Angeles, and 4)
repetition of the first NYNF phase. To simulate the operation of the vehicle that corresponds to
the engine being tested, it includes a cold start after a parking overnight, idling, acceleration and
deceleration phases, and a wide variety of different speeds and loads sequences, as seen in Figure
3. There are few stabilized running conditions, and the average load factor is about 20 to 25% of

the maximum horsepower available at a given speed.
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Figure 3. Transient federal test standard (FTP) testing cycle (www.dieselnet.com).

In addition to the transient FTP testing, the steady-state testing, SET, consisting of 13 modes is
required for heavy-duty diesel engines. Table | summarizes 13-mode SET cycles. In the table,
the engine speeds, A, B, and C, are definedas A=np+ 0.25 (N - ny), B=n, + 0.5 (n; - ny), and C
=ny + 0.75 (n - ny), respectively. ny and n; are the high and low speed determined by calculating

50% and 70% of the declared maximum net power.



13-MODE SUPPLEMENTAL EMISSION TESTING (SET) CYCLE.

TABLE |

Mode Time, Speed, Torque, % Mode Time, Speed, Tozque,
S rpm S rpm %
1a | S€ad- 1470 | DLE 0 ga | Sady- 45 |p 100
state state
1b Transient | 20 LIHEE_iI’_ Llnegr_ 8b Transient | 20 B Llnegr_
transition transition transition
2 | Steady- | yg5 | A 100 9a | Stady- |55 |p 25
state state
2b Transient | 20 Lme?r. Lmegr_ 9b Transient | 20 Llnegr_ Lmegr_
transition transition transition transition
3q | Steady- 59 | 50 10a | €4y 147 ¢ 100
state state
3b Transient | 20 B linear 10b | Transient | 20 C Llnegr'
transition
aa | Steady- 157 g 75 11a | S€dy- 150 | ¢ 25
state state
4b Transient | 20 Llnea_lr_ Lmea_1r_ 11b | Transient | 20 C Llnegr_
transition | transition transition
5a | S€Ady- g3 | A 50 122 | St€ady- 1450 | ¢ 75
state state
5b Transient | 20 A Llnegr_ 12b | Transient | 20 C Llneqr_
transition transition
6a |- 400 | A 75 132 | St€ady- 145 | ¢ 50
state state
6b Transient | 20 A Llnegr_ 13b | Transient | 20 Llnegr_ Llnegr_
transition transition | transition
7a | S€dY-|g0s | A 25 14 | St€ady- 1 aes | DLE 0
state state
7b Transient | 20 L|nee_1r_ Llnegr_ - - - - -
transition | transition

On December 21, 2000 the EPA signed emission standards for model year 2007 and later heavy-
duty highway engines. On comparison of the PM emission standards applied to 1998-2006
model year engines and model year 2007 and later, the PM emission standard was stringent from

0.05 to 0.01 g/bhp-hr, and this took full effect in the 2007 heavy-duty engine model year.



1.3.1.2 Off-highway Diesel Engines

The non-road diesel emission regulation, Tier 1-4, covers mobile non-road diesel engines
of all sizes used in a wide range of construction, agricultural and industrial equipment. Based on
the mobility and portability of diesel engines, the non-road diesel engine includes engines
installed on self-propelled equipment, on equipment that is propelled while performing its
function, or on equipment that is portable or transportable. The non-road diesel emission
regulations are not applicable to all non-road diesel engines. Engines used in railway
locomotives, marine vessels, and underground mining equipment are exempted in the non-road
engine categories.

Since the first federal standards, Tier 1, for non-road diesel engines were adopted in 1994
for engines over 37 kW, the regulation introduced more stringent Tier 2 standards for all
equipment with phase-in schedules from 2000 to 2008. Tier 3 standard for PM was not adopted.
On May 11, 2004, the EPA signed the final rule introducing Tier 4 emission standards, which are
to be phased-in over the period of 2008-2015. On comparison of Tier 2 and 4, the PM emission
standard was much stricter in the Tier 4. The Tier 2 and 4 diesel PM emission standards are
listed in Table Il. The non-road regulations are in the metric system of units, with all standards
expressed in g/kWh. In the Tier 4 phased-in from 2008-2015, PM emission standard of 19-560
kW rated power were phased-in over a few year period, as indicated in this table.

Non-road engine emissions are measured on a steady-state test cycle that is nominally the same
as the I1SO 8178 C1, 8-mode steady-state test cycle. The 1SO 8178 is an international standard
designed for non-road engine applications. The 1SO 8178 test cycle or its 8-mode schedule C1 in
particular can be also referred to as the non-road steady cycle (NRSC). Table 11l presents 8-mode

steady-state test cycle. Tier 4 standards have to be met over both the steady-state test and the



non-road transient cycle (NRTC). The NRTC test is a transient driving cycle for mobile non-road
diesel engines. The cycle is an engine dynamometer transient driving schedule of total duration
of about 1200 seconds. The speed and torque during the NRTC test are shown Figure 4. The
transient testing requirements begin with model year 2013 for engines below 56 kW, in 2012 for
56-130 kW, and in 2011 for 130-560 kW engines. Engines above 560 kW are not tested on the

transient test.

TABLE Il

EPA TIER 2 AND 4 NON-ROAD DIESEL ENGINE EMISSION STANDARDS.

Tier Engine power Year PMJ}E{;\S}?O“’
kW < 8 2005 0.8
8 <kW <19 2005 0.8
19 <kW <37 2004 0.6
37<kW <75 2004 0.4
2 75 <kW <130 2003 0.3
130 <kW <225 2003 0.2
225 <kW <450 2001 0.2
450 <kW <560 2002 0.2
kW > 560 2006 0.2
kW <8 2008 0.4
8 <kW <19 2008 0.4
2008 0.3
19 <kW <37 2013 0.03
2008 0.3
4 37<kW <56 2013 0.03
56 <kW <130 2012-2014 0.02
130 <kW < 560 2011-2014 0.02
W > 560 2011-2014 0.1
B 2015 0.04
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TABLE Il

ISO 8178 C1, 8-MODE STEADY-STATE TEST CYCLE AND WEIGHTING FACTORS.

Weighting 0
Mode factors Speed, rpm | Torque, %
1 0.15 100
2 0.15 75
3 0.15 Rated speed 50
4 0.1 10
5 0.1 100
6 0.1 Intermediated >
7 0.1 speed 50
8 0.15 Idle 0
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Figure 4. Normalized speed and torque over non-road transient cycle (NRTC).
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In Tier 4, non-road engines also have to meet not-to-exceed standards (NTE), which are
measured without reference to any specific test schedule. The NTE standards become effective in
2011 for engines above 130 kW; in 2012 for 56-130 kW; and in 2013 for engines below 56 kW.
Instead of the specific driving cycle, it involves driving of any type that could occur within the
bounds of the NTE control area, including operation under steady-state or transient conditions
and under varying ambient conditions. Emissions are averaged over a minimum time of thirty

seconds and then compared to the applicable NTE emission limits.

1.3.1.3 Stationary Engines

In 1979, the EPA proposed new source performance standards (NSPS) to control
emissions for stationary diesel engines, but they were never finalized. In the absence of federal
regulations, emissions from stationary engines gradually became subject to a complex system of
state and local regulations. On June 28, 2006, the EPA adopted emission regulations for
stationary engines, which require that most new stationary diesel engines meet the Tier 1-4
emission standards for mobile non-road engines. Engines of displacement below 10 liters per
cylinder must meet Tier 1 through Tier 4 emission standards for mobile non-road diesel engines,
while engines of displacement above 10 liters per cylinder must meet emission standards for

marine engines.

1.3.1.4 Marine Diesel Engines

Marine diesel engines are divided into three categories based on displacement per
cylinder. Category 3 marine diesel engines typically are over 30 m® in displacement per cylinder

and range in power from 2,500 to 70,000 kW. These are very large diesel engines used for
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propulsion power on ocean-going vessels such as container ships, oil tankers, and bulk carriers.
Category 1 and Category 2 marine diesel engines are below 5 m*® and from 5 m® to 30 m®in
displacement, respectively, and range in power from about 500 to 8,000 kW. These engines are
used to provide propulsion power on many kinds of vessels including tugboats, supply vessels,
and other commercial vessels in and around ports. Emissions from marine diesel engines have
been regulated, since emission regulation was issued in 1999.

Emission standards for engines Category 1 and 2 are based on the land-based standard for
non-road and locomotive engines. The regulation introduced Tier 2 standards for marine diesel
engines in these two categories. The 1999 regulation also set a voluntary “Blue Sky Series”
program which permits manufacturers to certify their engines to more stringent emission
standards. The qualifying PM emission limits in Tier 2 and blue sky program are listed in Table
IV. The Blue Sky program begins upon the publication of the rule and extends through the year
2010.

Table V shows ISO 8178 E1-5 cycles for engines tested in Category 1, depending on
types of propulsion engines. Engines belonging to Category 2 are tested on locomotive test
cycles. In addition to the test cycle measurement, which is an average from several test modes,

the regulations set NTE emission limits.
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TABLE IV

EPA TIER2 MARINE DIESEL ENGINE EMISSION STANDARDS AND BLUE SKY

PROGRAM.
PM emission, g/kWh
Displacement
Category lind 3 _
per cylinder, m Tier 2 Blue sky program
D<0.9 0.4 0.24
09<D<1.2 0.3 0.18
1
1.2<D<25 0.2 0.12
2.5<D<5.0 0.2 0.12
50<D<15 0.27 0.16
15<D<20
power < 3300 kW 0.5 0.3
2 15<D<20
power > 3300 kW 0.5 0.3
20D <25 0.5 0.3
25<D <30 0.5 0.3
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TABLE V

ISO 8178 E1-5 TEST CYCLES AND WEIGHTING FACTORS.

Type El E2

Mode 1 2 3 4 5 1 2 3 4
Torque, % | 100 | 75 | 75 | 50 | 0 |100| 75 | 50 | 25
Speed, Intermediate

rpm Rated speed speed Idle Rated speed
V‘@e'ght'”g 008|011 019 |032| 03 | 02| 05 |0.15]0.15
actors

Type E3 E4

Mode 1 2 3 4 1| 213 | 4] s
Power, % | 100 | 75 | 50 | 25 | 100 | 80 | 60 | 40 | ©
ng;d’ 100 | 91 | 80 | 63 | 100 | 71.6 | 4655 | 25.3 | Idle
er'gh“”g 02 | 05 | 015|015 | 0.06 | 0.14 | 0.15| 0.25 | 0.4
actors

Type ES5

Mode 1 2 3 4 5
Torque, % | 100 | 75 50 25 0

Speed, | 100 | 91 | 80 | 63 | Idle

rnm
er'gh“”g 0.08 | 0.13 | 0.17 | 032 | 0.3

actors
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1.3.1.5 Locomotives

For railroad locomotives, the first emission regulation was adopted on 17 December
1997. Tier 0-2 standards are met though engine design methods, without the use of exhaust gas
after-treatment. A regulation introduced more stringent emission requirements on 14 March
2008. Tier 3 standards become effective from 2011/12, and Tier 4 standards become effective

from 2015. The emission standards are summarized in Table VI.

TABLE VI

EPA LOCOMOTIVE DIESEL PM EMISSION STANDARDS.

Operation type | Tier Manufacture PM emissions,
year g/bhp-h

0 1973 - 1992 0.22

1 1993 - 2004 0.22

Line haul 2 2005 - 2010 0.1
3 2012 - 2014 0.1

4 2015 and later 0.03

0 1973 - 2001 0.26

1 2002 - 2004 0.26

Switch 2 2005 - 2010 0.13
3 2012 - 2014 0.1

4 2015 and later 0.03
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Locomotive diesel emissions are measured over two steady-state test cycles which
represent two different types of service, line-haul and switch locomotives. The duty cycles are
used to idle, dynamic brake modes, and different power levels, and they include different
weighting factors for each of the 8 throttle notch modes. The line-haul operation is characterized
by a much higher percentage of time in the high power notches, whereas the switch operation

involves much time in idle and low power notches.

1.3.2 European Emission Standards

1.3.2.1 Heavy Duty Diesel Truck and Bus Engines

Table VII summarizes the PM emission standards (Euro 1-VI) for heavy-duty diesel

engines and their implementation dates. Dates in the table refer to new type approvals. Since the

TABLE VII
EUROPEAN DIESEL PM EMISSION STANDARDS FOR HEAVY-DUTY DIESEL
ENGINES.
Type Date Test PM s/r::\llsvsrllons,
kW < 85, 1992 0.612
Euro |
kW > 85, 1992 ECE-R49 0.36
Euro 1 1996.10 0.25
1998.10 0.15
1999.10 EEV 0.02
Euro 11 only
2000.10 0.1
Euro IV 2005.10 ESC&ELR 0.02
Euro V 2008.10 0.02
Euro VI 2013.01 0.01
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Euro Il standard, diesel engines have been tested in two testing cycles, European Stationary
Cycle (ESC) and the European Transient Cycle (ETC). As indicated in this table, heavy-duty
diesel engines with PM emissions under 0.01 g/kW-h will be certified for heavy-duty trucks
driving in Europe. This value in Euro VI shows a lowering to PM emissions standard of the order
of 50% than that of Euro V.

The ESC test is performing for emission certification of heavy-duty diesel engines in
Europe. The engine is tested on an engine dynamometer over a sequence of steady-state modes,
as seen in Table VIII. The engine must be operated for the prescribed time in each mode,
completing engine speed and load changes in the first 20 seconds. The specified speed shall be
held to within £50 rpm and the specified torque shall be held to within £2% of the maximum
torque at the test speed. Emissions are measured during each mode and averaged over the cycle
using a set of weighting factors. Particulate matter emissions are sampled on one filter over the

13 modes.

1.3.2.2 Off-highway Diesel Engines

To regulate emissions from non-road mobile equipment in European countries, the
regulations for non-road diesels were introduced in two stages. Stage | and Stage Il were
implemented in 1999 and from 2001 to 2004, respectively, depending on the engine power
output. On 21 April 2004 Stage Il and IV emission standards for non-road engines were
adopted by the European Parliament. Stage Il standards are phased-in from 2006 to 2013, Stage
IV standards enter into force in 2014. The Stage I11 and IV standards added railroad locomotive

engines and marine engines used for inland waterway vessels to the engine categories regulated.
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Stage I-1V PM emission standards for non-road diesel engines are shown in Table IX., where the
limit values for the Stage Il and 1V apply to all non-road diesel engines of indicated power
range for use in applications other than propulsion of locomotives, railcars and inland waterway
vessels. The implementation dates in the table refer to the first registration dates, after which all
new engines placed on the market must meet the standard. As indicated well in Table 1X, Stage
11 B and 1V standards introduce PM limit of 0.025 g/kWh, representing about 90% emission

reduction relative to the previous stage.

TABLE VI

EUROPEAN STATIONARY CYCLE (ESC) TEST MODE.

Engine speed, Load, Weighting factor, Duration,
Mode 0 0 :
rpm % % min.
1 Idle 0 15 4
2 A 100 8 2
3 B 50 10 2
4 B 75 10 2
5 A 50 5 2
6 A 75 5 2
7 A 25 5 2
8 B 100 9 2
9 B 25 10 2
10 C 100 8 2
11 C 25 5 2
12 C 75 5 2
13 C 50 5 2

19



TABLE IX

STAGE I-1V PM EMISSION STANDARDS FOR NON-ROAD DIESEL ENGINES IN

EUROPE.
Category | Power | Date | PM emissions
Stage |
A 130 <kW <560 1999. 01 0.54
B 75 <kW <130 1999. 01 0.7
C 37<kW75 1999. 04 0.85
Stage 11
D 130 <kW < 560 2002.01 0.2
E 75 <kW <130 2003.01 0.3
F 37<kW 75 2004.01 0.4
G 18 <kW 37 2001.01 0.8
Stage IlI-A
H 130 <kW < 560 2006.01 0.2
| 75 <kW <130 2007.01 0.3
J 37<kW75 2008.01 0.4
K 18 <kW 37 2007.01 0.6
Stage I11-B
L 130 <kW <560 2011.01 0.025
M 75 <kW <130 2012.01 0.025
N 56 <kW 75 2012.01 0.025
P 37 <kW 56 2013.01 0.025
Stage IV
Q 130 <kW < 560 2014.01 0.025
R 56 <kW <130 2014.10 0.025

To meet this limit value, engines have to be typically equipped with particulate filters. Emissions
are measured on the 1ISO 8178 C1 8-mode cycle and the non-road transient cycle (NRTC). In
particular, the NRTC is run twice with a cold and a hot start. The final emission results are
weighted averages of 10% for the cold start and 90% for the hot start run.

The Stage I11-A standards also cover engines used in inland waterway vessels. Engines
are divided into categories based on the displacement per cylinder and net power output. There

are no Stage I11-B or Stage IV standards for waterway vessels. Stage I11-A and I11-B standards
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have been adopted for engines above 130 kW used for the propulsion of railroad locomotives.
The PM emission standards for diesel engines used in inland waterway vessels and railroad

locomotives are summarized in Table X and XI.

1.4 Diesel PM Aftertreatment Systems

Diesel engines typically require after-treatment devices to control exhaust emissions.
Increasingly strict emissions standards in U.S. and Europe are motivated to engine manufactures
to develop advanced after-treatment systems that can significantly reduce tail-pipe exhaust
emissions. As emission standards become more stringent, advanced diesel engine technologies
and diesel particulate filters (DPFs) systems are required to be implemented in diesel vehicles. In
particular, DPF systems have been developed to remove PM emissions. To oxidize the trapped
diesel particulates, primarily carbon into gaseous emissions such as CO,, the DPF regeneration
systems include the use of catalysts (Chatterjee et al., 2001; Pfeifer et al., 2005; Soeger et al.,
2005; Vincent et al., 2001), creating oxidant (Cooper and Thoss, 1989; Hoard, 2001; Levendis
and Larsen, 1999; Yamamoto et al., 2003) and the addition of energy such as post fuel injection
and combustion (Fayard, 2006; Joshi, 2006; Michelin, 2000), electric heating (Kobashi, 1993;
Shirk, 1995), and microwave heating (Zhi, 1995). All of these systems have limitations and
strongly depend on the duty cycle of the engine or vehicle. Typically, engines operating at low
speeds and loads have difficulty oxidizing the diesel PM emissions trapped on the filter.
Furthermore, significant improvements are needed in their performance, which include reducing
back pressure due to soot and ash build-up, improving material durability and filtration
efficiency, and developing smart DPF control management systems with optimum regeneration

strategies.
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TABLE X

EUROPEAN PM EMISSION STANDARDS FOR DIESEL ENGINES USED IN INLAND
WATERWAY VESSELS (STAGE I1I-A).

. Displacement PM emission,
Categories per cylinder, m3 Date g/kWh
V11 D<0.9,P>37kW 0.4
V1:2 09<D<1.2 2007.01 0.3
V1:3 1.2<D<25 0.2
V14 25<D<5 0.2
) 5<D<15,
Vil P < 3300 kW 0.27
. 15<D<20
Va2 P >3300 kW 2009.01 0.5
V2:3 15<D<20 0.5
V2:4 20<D <25 0.5
V2:5 25<D <30 0.5
TABLE XI
EUROPEAN PM EMISSION STANDARDS FOR RAILLROAD LOCOMOTIVE DIESEL
ENGINES.
Category Power Date PM emissions

Stage I11-A (Railroad locomotives)

RC A 130> P 2006.01 0.54
RL A 130 <P <560 2007.01 0.7
RHA 3P > 560 2009.01 0.85

Stage I11-B (Railcars)
RCB 130>P 2012.01 0.025
RB 130<P 2012.01 0.025
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1.4.1 Diesel Particulate Filters

There are two main types of DPFs available commercially, blocking and non-blocking filters.
Most commonly used are blocking filters such as wall flow filters, as seen in Figure 5. The wall
flow filters are highly effective and can achieve 99% filtration of diesel PM emissions (Locker et
al., 2004). They are made of various materials such as cordierite, silicon carbide, and metal
fleece. The blocking filters have parallel channels with alternating ends plugged, allowing the
exhaust emissions to flow through the porous wall, while the diesel particulates are trapped. If
diesel PM emissions are continuously trapped on the filter without oxidation, backpressure will
be built up in the exhaust pipe, which can cause power loss or failure of the DPF system. To
maintain the engine operation and the DPF system, it is necessary to regenerate the filter by
oxidizing the diesel particulates. Non-blocking filters consisted of open channels, in general, use

conversion flow channels and hydrodynamic pressure differentials across the filter media.

Figure 5. Example of exhaust gas flow through wall flow filter.
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The open structure protects the engine by preventing backpressure increases by bypassing the
exhaust flow around the filter media if it becomes full, as represented in Figure 6. The filtration

efficiency is, however, lower and can be in the range of 0 and 60%.

FILTER MEDIA

Figure 6. Example of exhaust gas flow through non-blocking filter (Farafontov et al., 2007).

1.4.2 DPF Regeneration Systems

Most of diesel PM on the filter can react with oxygen to form carbon dioxide. However, the
reaction of PM with exhaust gas in the filter take place over 550°C, which is usually higher than
the temperature of exhaust gas during normal operation of diesel engines. There are two practical

strategies for regenerating DPFs, depending on the application; passive and active regeneration.
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The passive DPF regeneration uses a combination of exhaust gas temperature and a catalyst to
initiate the regeneration process. Active regeneration uses an outside source to supply the heat
for regeneration. The former is to lower the temperature at which the PM starts to oxidize. This
can be achieved either by the use of a catalyst or by letting diesel particulates react with NO,.
Active regeneration is usually attained either by post fuel injection, fuel-rich operation, electric
heating, or microwave heating.

Diesel particulate emissions can be collected using either by a catalyzed or non-catalyzed
coating DPF. In general, PM begins to burn in diesel exhaust around 550°C without a catalyst.
To lower the temperature at which the PM reacts, DPF membrane (i.e. washcoated filter) are
coated with catalyst materials. The substrate of DPFs is coated with highly porous inorganic
oxides such as y-Al203, SiO2 or ZrO2, that can retain the noble metal such Pt, Pd, Rh. These
DPFs give balance point temperatures of 380-420°C. For instance, Pt based DPFs are in the 350
to 400°C. Balance point temperature is a critical temperature, at which the production rate of
particulate emissions is equal to the removal or oxidation rate. However, the contact between
catalyst and soot particles is too poor to enforce catalytic reaction. To improve the catalyst-soot
contact, catalytic additives, such as cerium and iron, have been used in fuels. The organic part of
the fuel is oxidized in the engine combustion chamber and the metallic part of fuel additives is
incorporated with soot particles. However, the addictives cause extra ash build up in the DPF,
thereby increase back pressure. Therefore, it is necessary to remove ash periodically or replace it.

The NOx-aided continuously regenerating trap (CRT) was commercialized by Johnson
Matthey for trucks and buses (Cooper et al., 1989; Allanson et al., 2002), as illustrated in Figure
7. It uses Pt/AI203 as an oxidation catalyst placed in the first chamber, upstream of the DPF

converts the CO and hydrocarbons to CO, and H,O. This has been reported to remove diesel
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particulates at a balance point temperature of 320°C, but is strongly dependent on the NO content
in the exhaust stream, the NO and NO, thermal equilibrium, exhaust temperature and sulfur
content in the fuel. By adding catalysts to the filter, it is possible to convert the NO to NOg,
thereby improve the overall efficiency of soot removal. This, so-called, catalyzed continuously
regenerating trap (CCRT) is being used on selected heavy-duty diesel applications where the
duty cycle does not always provide sufficient by high temperature for proper functioning of the
CRT (Allansson et al., 2004). While this system functions well in Europe where ultra low sulfur

diesel fuel is widespread, the system may fail in countries with high sulfur fuels.

Outlet |

Filter Section

Catalyst Section . — -

Section

Honeycomb  Wall-flow
Catalyst Filter
Figure 7. Example of continuously regenerating particulate filter systems.

The PM removal can be effectively accomplished in DPFs by the use of various catalysts and
NO,. However, additional heating of the exhaust gas is also necessary to reach appropriate gas

temperature ranges. The preferred methods are post fuel injection, electric heating, and
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microwave heating. Ultimately, a DPF system needs minimal maintenance, requires no
additional power input, uses molecular oxygen, or NO; gases, and so on. Although extensive
research has been performed with various strategies, significant efforts are still needed to

develop optimum DPF regeneration strategies and achieve the efficient removal of diesel PM.

1.5 Soot Oxidation Kinetics and Modeling

In general, oxidation models for the quantitative prediction of carbon particles can be
classified into two main categories, global and intrinsic models. Global models consider
impermeable carbon particles to pore diffusion effects into the oxidation rate constants. These
oxidation models are often in the form of semi-empirical correlations, based on the kinetic rate
expression of the external surface area and of the oxidizer concentration at the external surface.
In contrast, intrinsic models consider the active surface area involved in the oxidation, and the
concentration profile of oxygen within the particle is assumed to be non-uniform. Therefore,
pore structure models have been developed to describe gaseous diffusion through complex pore

structures and to model the local oxygen concentration at the active surface area in the particle.

1.5.1 Global n-th Order Rate Equation

An empirical n-th order rate equation is often used to describe kinetics of various solid
carbons such as flame soot (Fabio et al., 2008; Higgins et al., 2006; Nejar et al., 2007), char
(Hurt and Mitchell, 1992; Monson et al., 1995), and diesel soot (Gilot et al., 1993; Marcucilli et
al., 1994; Messerer et al., 2006; Otto et al., 1980; Setiabudi et al., 2004). The most common

form of the n-th order rate equation is
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S L)

Ea
R, T
where r is the global oxidation rate, A the pre-exponential factor, E, the activation energy, R, the
universal gas constant (8.31447 kJ/mol-K), T the temperature (K), Po, the partial pressure of
oxygen, and ny, the reaction orders with respect to oxygen.

Due to the simple equation form, this equation is often used in comprehensive computer
models for diesel soot oxidation. However, the global n-th order rate equation does not explicitly
account for pore diffusion effects on the oxidation of solid carbon. In addition, the various values
for reaction order with respect to oxygen have been reported to be 0.5 (Petersen, 1987), 0.76-
0.94 (Neeft et al., 1997), 0.8 (Du et al., 1991; Ciambelli et al., 1994), and unity (Gilot et al.,
1993; Marcucilli et al., 1994; Messerer et al., 2006; Otto et al., 1980; Setiabudi et al., 2004),
depending on experimental conditions. Presently no theory can satisfactorily explain or predict
how the reaction order would change with experimental conditions. In addition, variations of
activation energies indicate the inadequacy of the n-th order rate equation in correlating these
data. The observed activation energy were 85 (Bradley et al., 2000), 111 (Pauli et al., 1983), 126-
146 (Yezerets et al., 2003), 142 (Otto et al., 1980), and 150 kJ/gmol (Koltakis et al., 1997).

Darcy et al. (2007) reported kinetics of soot oxidation in a diesel engine by following

equation:

dm " m |” E, » m]
L B L e T R e

0 Ru T 0
where x,, is the partial pressure of oxygen in the gas phase; m, and m are respectively the

initial and instantaneous soot mass in the reactor. The kinetics parameters such as A, Ea, a, and 3

were 8.5x10"1/s, 164 kJ/mol, 0.9, and 0.5, respectively, which were determined from isothermal
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oxidation experiment. In addition, the oxidation of diesel PM was characterized by two distinct

zones, fast and slow oxidation zone.

1.5.2 Heterogeneous Solid—Gas Thermo-Oxidation Kinetics

Kinetic analysis of solid state reactions is normally performed to obtain a mathematical
representation of reaction data. The search for a mathematical description of experimental data is
mainly sought in terms of kinetic parameters such as pre-exponential factor, activation energy,
and the reaction model. A number of investigation on heterogeneous solid and gas thermo-
oxidation have been carried out to evaluate these kinetic triplets by means of thermoanalytical
methods such as thermogravimetry, differential thermal analysis, and differential scanning
calorimetry (Gamlin et al., 2003; Lee et al., 2003; Sorai, 2004).

In an effort of linking heterogeneous solid-gas thermo-oxidation kinetics and soot
oxidation, solid state reaction Kinetic has been investigated for determining the Kinetic
parameters from the experimental data of soot oxidation (Jiang et al., 2000; Dernaika et al.,
2003).

Kinetic studies are frequently performed under isothermal or non-isothermal conditions.
Equation (1.3) is used to describe the Kinetics of these reactions under linear heating, where

f(a) is the reaction model. The reaction models commonly used to represent solid-state

reaction kinetics are listed in Table XII.

da _ K ¢o)= P ool - Ba .
G @5 exp( RU.TJ f () (1.3)

where ¢ the extent of conversion, k; the Arrhenius rate constant, T the absolute temperature, S

the constant heating rate, A the pre-exponential factor, and E, is the activation energy.
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Table XI1

REACTION MODELS FOR SOLID-STATE REACTION KINETICS.

Reaction model f(a)

Avrami—Erofeev equation (1D) 2(1—0)(~In(1—a))*?

Avrami—Erofeev equation (2D) 3(1-a)(-In(1-a))*®

Avrami-Erofeev equation (3D) 4(1-0)(—In(1—a))"*

Phase boundary controlled reaction

(contracting linear) 1
contracting area 3(1-a)*?
contracting volume 2(1-a)*?
1-D diffusion (1/2)a*
2-D diffusion [~In(1—a)] "
3-D diffusion 2(1-0)2/3(1—(1-a)1/3) !

Ginstling—Brounshtein equation

2/3)(1—a)1/3[1—(1-a)1/3]"

First order chemical reaction

Random nucleation I-o
Generalized n-th order (1-a)"
Power law | 43
Power law 11 3023
Power law 111 2612
Power law 1V 236712

Zhuravlev equation

(2/3)(1-0)5/3[1—(1-a)1/3]"
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1.5.3 Langmuir-Hinshelwood Kinetics

The global n-th order rate equation and heterogeneous solid—gas thermo-oxidation
kinetics has been criticized for lack of theoretical basis and inadequacy for predicting rates over
wide ranges of experimental conditions. To account for carbon-oxygen reaction in detail, several
reaction processes have been mainly considered, such as chemisorption, oxygen surface

diffusion, and desorption of surface oxygen complexes (Essenhigh, 1991; Du et al., 1991).

In the studies, they have suggested two main processes in carbon-oxygen reaction; adsorption of
oxygen molecules to the outer surface of carbon particles and desorption of carbon-oxygen
compound. Based on this idea, a more meaningful equation of carbon-oxygen reaction has been
developed, which is called Langmuir-Hinshelwood form (Laurendeau, 1978). The commonly
applied form of this is the two-step Langmuir-Hinshelwood equation.

kik, I:’oz

= - 2 14
k, +k1P02 (14)

where k; and k, are two rate constants, which is from the reaction as

Ky Ky
C+0,>C(0)—CO
Eq. (1.4) can be re-written as
it .1 (L5)
r klPo2 K,

This rate equation is the simplest form of Langmuir-Hinshelwood kinetic expressions capable of

modeling reaction order shifting between zero and unity.
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1.5.4 Reaction-Diffusion Model

A number of comprehensive and detailed investigations on the oxidation characteristics of
PM have been carried out, such as oxidation rate and kinetics parameters, as explained above.
However, few studies have been reported on the effects of oxygen diffusion on the oxidation
behavior of diesel PM, although it has been well known that the oxidation of soot particles is
dependent on oxygen mass transfer effects. This study deals with the soot oxidation occurring in
presence of external and inter-particle diffusion of oxygen within the soot. In general, the
effectiveness factor is used to account for the inter-particle diffusion effects of oxygen molecules
on kinetics in solid fuel particles. The effectiveness factor is defined as the ratio of the observed
oxidation rate to the oxidation rate evaluated in the case of homogeneous concentration of
reactant throughout the interior of the particle.

In Saterfield’s work (Saterfield, 1970), a spherical model and an infinite or semi-infinite
flat plate model have been developed to describe simultaneous diffusion and reaction in porous
materials. In this research, an effectiveness factor was used to represent the influence of mass
transfer, and a formula of the Thiele modulus was also given. For a porous flat plate packed with
soot particles, Stanmore et al. investigated the effects of oxygen transfer on the oxidation of
carbon particles (Stanmore et al., 1994). Gilot et al. carried out the oxidation experiment for
carbon black in the temperature range of 600-900 °C to account for oxygen diffusion in the layer
and inside the porous sample particles (Gilot et al., 1993).

The oxidation rate of carbon particles is controlled by the single, sequential, or parallel
processes of boundary layer diffusion, chemical reaction and pore diffusion. Walker et al. (1959)
and Gray et al. (1976) have postulated the existence of the three different temperature zones or

regimes in which one or more different processes control the overall oxidation rate of char. In
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Zone |, which occurs when chemical reaction is slow compared to diffusion at low temperature
or for small particles, chemical reaction is the rate-determining step. In Zone I, reaction rate is
controlled by both chemical reaction and diffusion of reactants through pores. In Zone 11, which
occurs at high temperatures, surface reaction is so fast that the surface oxygen partial pressure
approaches zero, and the overall reaction rate approaches the maximum value allowed by
boundary layer diffusion. In this case the overall reaction rate is solely controlled by boundary
layer diffusion. The effect of external diffusion or internal diffusion of reactants on the oxidation

of various carbon particles has been still significantly investigated.

1.6 Thesis Objectives and Outline

As discussed in preceding section. major efforts are needed to achieve high filtration
efficiency and develop optimum regeneration strategies for DPF systems. In particular, an
effective thermal management system is necessary to prevent the failure of a DPF system caused
by the thermal runaway, which can occur during the oxidation of excess soot accumulated in
DPF. Figure 8 shows a DPF in which melting occurred during the regeneration (Barry et al.,
2001). Therefore, the distribution of thermal energy released in regeneration needs to be
monitored with care. To this end, significant research efforts are currently being undertaken to
characterize the oxidation behavior of diesel PM relevant DPF regeneration (Collura et al., 2005;
Kalogirou et al., 2007; Messerer et al., 2006; Setiabudi et al., 2004; Stratakis and Stamatelos,
2003; Yezerets et al., 2005). Typically these efforts have undoubtedly been invaluable to the
significant improvement in DPF system. However, very few studies have focused on heat release

and oxidation rates during the oxidation of diesel PM under realistic engine conditions. Such
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information is important not only for devising a highly efficient thermal management system for

DPF regeneration, but also for developing an accurate predictive tool.

“ree

Figure 8. Example of a DPF melted during DPF regeneration.

Since DPF systems offer limited physical access in measuring these rates during
regeneration, researchers have used bench-scale experiments to determine the oxidation kinetics
parameters, such as reaction order, activation energy, and pre-exponential factor. In addition,
researchers have often used surrogate soot, such as commercially available graphite, for
oxidation experiments (Jung et al., 2008; Nejar et al., 2007), or soot samples collected from lab-
scale burners (Higgins et al., 2006), due to the complexities in the composition and structure of
diesel PM. However, the differences in composition and morphology between diesel PM and

surrogate soot samples can provide inaccurate results in predicting oxidation rates and thermal
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energy distribution during DPF regeneration. Moreover, previous work dealing with diesel PM
has generally considered a limited period of oxidation, during which the data exhibited locally
linear behavior.

Although SOF-containing PM emissions have been reported to be adverse effect to human
health, one possible advantage in utilizing these particulates is the potentially low energy input
required for DPF regeneration, because the SOF could enhance the ignition and oxidation of
particulates. Practically, the regeneration in DPF systems initially occurs at a localized area
where an optimal condition exists for the ignition of soot accumulated. Once ignition occurs, the
bed temperature rises rapidly, and the subsequent transfer of thermal energy from the reacting
area rapidly evaporates the volatile components of SOF in the unreacted DPF volume. During
the evaporation, the diesel PM in the unreacted DPF volume is exposed to exhaust gas emissions
containing oxygen, in which the evaporation/oxidation of volatile components of SOF and the
oxidation of carbon occur simultaneously over the specific temperature. However, there has been
little attention given to the effects of SOF concentration on the thermal energy released during
the oxidation of diesel PM, nor has there been any evaluation of the total amount of heat release
per unit mass of diesel PM with different SOF concentrations. Furthermore, few studies have
characterized the effects of SOF concentration on the oxidation of diesel PM, nor has there been
any evaluation of chemical-kinetics parameters of PM subjected to different temperature profiles
or thermal treatments.

The objective of this study is to characterize heat release and oxidation behavior during the
oxidation of diesel PM collected directly from a DPF under realistic engine conditions. For

diesel PM with different levels of SOF concentration and commercially available surrogate soot,
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the analysis on the heat release, oxidation rates, and the effects on the oxidation behavior of
diesel PM is extensively investigated within the following framework.

Chapter 2 deals with an experimental methodology used in this study, such as the engine
specifications, the collection of diesel PM filtered in the DPF membrane, and the operation
principle of a thermogravimetric analyzer (TGA) and a differential scanning calorimeter (DSC).
In addition, we will describe the calibration procedures for the instrumentations in detail.

Chapter 3 provides the detailed experimental information on the total heat release and the
temporal variation of heat release rate from the diesel PM oxidation under realistic conditions.
The attention is focused on the elucidation of differences in the heat release characteristics of
surrogate soot and diesel soot. Measurements employ the DSC and the TGA. We will mainly
report the temporal variation of heat release rate during the oxidation of diesel PM, dry diesel
soot, and surrogate soot, using the DSC. For the TGA experiment, the amount of SOF in diesel
PM will be also reported.

Chapter 4 deals with the kinetics of diesel PM oxidation, which describes the general
dependence of oxidation rates on temperature and reactant concentrations, in understanding the
oxidation behavior of diesel particulate emissions. In this chapter, the oxidation Kinetics
parameters will be determined for diesel PM and surrogate soot, such as reaction order,
activation energy, and pre-exponential factor. The differences in the oxidation behavior of diesel
PM and surrogate soot will be characterized by performing experiments under the identical
conditions. Furthermore, we will investigate the effects of volatile component of SOF and
thermal aging in both the inert and oxidizing environments on the oxidation of diesel PM and

surrogate soot.
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In Chapter 5 the heat release rates during the soot oxidation will be modeled, based on the
total specific heat release and the kinetic parameters provided in Chapter 3 and 4. The
predictions of heat release rate with the model are compared with experimental data for diesel
PM and surrogate soot subjected to the specific heating profile in an air environment.

Since the PM samples analyzed in this work were approximately the same as the soot cake
built in commercial DPFs in terms of their properties, our investigation is expected to provide
more accurate results in subsequently predicting the thermal energy distributions and the

oxidation behaviors of diesel PM during DPF regeneration.
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CHAPTER 2

EXPERIMENT METHODLOGY

2.1 Diesel PM Sampling

Diesel PM samples used in this study were collected from a non-catalytic cordierite DPF
membrane placed in a flow reactor of a laboratory scale DPF test system, where no regeneration
was conducted. As illustrated in Figure 9, the DPF system was connected to the exhaust pipe of a
1.9 L four-cylinder light duty diesel engine. This engine is equipped with a variable geometry
turbocharger (VGT) to boost the intake air to the desired pressure and has a self-contained
exhaust gas recirculation (EGR) system. The engine is capable of producing 150 hp with a
maximum speed of 5000 rpm. It has multiple-injection capability, and both the EGR rate and
VGT setting are electronically controlled. The common-rail injection system can be operated at a
maximum injection pressure of 1600 bar.

The engine was operated at various randomly selected engine speeds and loads in order to
simulate conditions that practical DPF systems undergo in vehicle operation. The selected engine
speeds were 1000 rpm, 2000 rpm, and 3000 rpm, and at each speed the engine was operated at
25%, 50%, and 75% load for several hours. During the transition period, the diesel PM emissions
were continuously filtered in the DPF membrane. At each engine operating condition, the engine
was stabilized (by maintaining coolant and lubricating oil temperatures constant) while the target
speed/load condition was maintained constant for several minutes. Engine exhaust emissions
were bypassed from the main exhaust pipe, of which soot particles were filtered in the DPF filter
membrane, while gaseous emissions were ventilated back to the engine exhaust stream. In order

to collect enough PM emissions, the engine was operated for several hours, and then soot

38



B Diesel [g%8
1 \ =
W Engine
\ v

.\.
-\

2 l
2
o
[
b DPF Flow
o Membrane reactor
| =
‘©
=
Valve ]
_— ® ——
Bypass
1.9L 4-cylinder
light-duty
diesel engine
(B)
Figure 9. (A): DPF test system connect to the exhaust pipe of 1.9L four-cylinder light-duty

diesel engine, (B): its schematic representation.

were taken from the filter. Figure 10 shows a cordierite DPF membrane loaded with PM
emissions in the DPF test bench. The PM samples were carefully collected from the filter
membrane and transferred to an environmentally controlled glove box in a clean laboratory. The

DPF inlet temperatures were measured in a range of about 80—-200°C. Soot oxidation reactions
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are not expected to occur at these temperatures, which are fairly low compared to those in the
main exhaust pipe, because the exhaust is cooled down through the fairly long sampling line.
The uncoated filter membrane was not preconditioned for the soot loading.

An ultra-low sulfur diesel (ULSD) fuel and conventional SAE15 W-40 lubricating oil
were used for this work. The diesel fuel had an ash content of about 0.002 wt.%, sulfur content
of about 15 ppm, carbon content of about 86.9 wt.%, hydrogen content of about 13.1 wt.%, and a
cetane number of 46. The lubricating oil has an ash content of 1.3 wt.%, Zn of 2.5 wt.%, and

sulfur content less than 0.005 wt.%.

2.2 Instrumentation and Calibration

As represented in Figure 11, a differential scanning calorimeter (DSC, temperature range
between ambient and 550°C; heating rates 0.1-100 °C/min; crucible size 50uL) is used to
measure the rate of heat release during the oxidation of diesel PM, dry soot, and surrogate soot
under specific temperature profiles. A thermogravimetric analyzer (TGA, temperature range
between ambient and 1050°C; heating rates 0.1-100°C/min; crucible size 100uL) measures the
temporal variations of sample mass under specific temperature profiles, either by oxidation with
air or evaporation in inert gas environment.

In principle, the DSC measures the amount of heat either supplied to a sample or abstracted from
it. The generation or consumption of heat in the present case occurs mainly due to chemical
reactions, and affects a temperature change in a DSC component that measures the amount of
heat exchanged. A control system equipped with the DSC adjusts the temperature difference

between these two components, caused by chemical reactions, to zero. Thus, the DSC measures
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the total power needed for adjusting the temperature difference to zero, and the data are recorded
in terms of heat flow rate (mW).

In DSC calibration, the melting temperature and standard enthalpy of fusion of a
reference sample were used as calibration parameters for temperature and heat flow
measurements. High purity indium and tin were prepared as the references, and then calibration
samples of each substance were weighed and loaded into the aluminum pans. The indium sample
was first heated up to 300 °C at a temperature gradient of 10 °C/min in nitrogen to measure the
melting temperature and the standard enthalpy of fusion. The values measured for those two
parameters were corrected with respect to the melting temperature, 156.6 °C, and enthalpy of
fusion, 28.45 J/g of standard indium, respectively. In addition, the same calibration was carried
out to assure the accuracy in temperature measurement. The melting temperature measured for
tin was corrected with respect to the melting temperature, 231.95 °C, of standard tin and then

temperature calibration was completed by two-point temperature calibration.

Diesel PM

Cordierite membrane

(no catalyst coating)

Figure 10. Diesel PM in the cordierite DPF membrane taken out from the thermal reactor in
the DPF test system.
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Figure 11. DSC, TGA, and data acquisition system for oxidation experiment.

A TGA measures the temporal variation of a given sample mass under a specified
temperature profile. The change in sample mass may occur due to either oxidation with reactants,
or evaporation in an inert gas environment. In TGA calibration, two standard weights were used
to calibrate the microbalance, while the temperature calibration was performed with alumel and
nickel in the heating mode. Calibration samples were accurately weighed and loaded into the
TGA pan, and then exposed to an elevated temperature profile of 10 °C/min in a nitrogen
atmosphere to measure Curie point temperatures of the calibration samples. The measured

temperatures were corrected to 157.0 °C and 368.8 °C, respectively.
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CHAPTER 3

MEASUREMNT OF THE HEAT RELEASE RATE

3.1 Introduction

In chapter 3, this investigation is aimed at measuring the instantaneous rate of heat release
during the oxidation of diesel PM collected directly from a DPF, as well as the total amount of
heat release per unit soot mass. The study is motivated from the consideration of developing
optimum thermal management strategies for DPF regeneration. We performed the same analysis
by using diesel PM and commercially available synthetic or surrogate soot to examine
differences in heat release characteristics. As described earlier, the PM samples used in this work
were collected directly from a filter membrane in a DPF system, which was connected to a diesel
exhaust pipe. Thus, the PM samples analyzed in this work were approximately the same as the
soot cake built in commercial DPFs in terms of their properties, and thereby our experiments are
expected to provide more accurate results in subsequently predicting the temporal distributions
of thermal energy during DPF regeneration. Experiments using the diesel PM and commercially
available synthetic soot were performed using a differential scanning calorimeter (DSC) and a
thermogravimetric analyzer (TGA), respectively. First, the heat release data were obtained and
analyzed for the oxidation of surrogate soot. The experiments were then performed to evaluate
heat release rates during the oxidation of diesel PM with different levels of SOF concentrations.
In addition, the heat release rates were measured with SOF-containing diesel PM and dry diesel
soot (with no volatile components) under identical conditions. Finally, the experimental results
were analyzed to examine differences between the heat release characteristics during the

oxidation of diesel PM, dry diesel soot and surrogate soot.

43



3.2 Oxidation Experimental Scheme

A sample was placed in the reaction chamber of DSC, and subjected to a specific
temperature profile in flowing air to measure the total amount of heat and the temporal variation
of heat flow rate during the sample oxidation. Because the chemical composition of surrogate
soot is less complex than that of diesel PM emission, the analysis for the surrogate soot was
carried out in order to optimize the temperature profile used for the sample oxidation and to
clarify differences in the temporal variation of heat release rates during the oxidation of real
diesel PM and surrogate soot. A DSC was used to measure the instantaneous heat release during
soot oxidation under specified temperature profiles in air, while a TGA was used to measure the
amount of volatile components of SOF in PM samples and also to provide the dry diesel soot
samples.

In DSC experiment, samples were accurately weighed and loaded into the aluminum
sample pans. A baseline of experimental data needs to be determined to attain high accuracy in
measuring heat release during the sample oxidation. An experiment for determining the baseline
was conducted in nitrogen under a specified temperature profile with an empty reference pan and
a pan loaded with a sample. For measuring instantaneous heat release rate, the sample was
heated to 550 °C and then maintained at this temperature (i.e., isothermal condition) until the
oxidation was completed. Prior to the temperature increase, the DSC was stabilized at 45 °C for
10 min to eliminate small data fluctuations detected. For both determination of the baseline and
measurement of heat release, the sample and reference pans were open to nitrogen gas, of which
the flow rate was set at 60 ml/min.

Dry soot samples were prepared by using a TGA (Chong et al., 2010). The surrogate soot

or diesel PM sample taken in a pan of the TGA was heated in a nitrogen atmosphere from 45 °C
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up to 550 °C with a temperature gradient 10 °C/min, and then maintained at this temperature for
1 h. During the isothermal condition, the volatile components contained in the soot sample were
completely removed in nitrogen. From this thermal treatment by TGA, dry soot samples can be

obtained. The mass of sample residues was then accurately measured by a microbalance.

3.3 Result and Discussion

As noted earlier, the DSC experiments were conducted to measure heat release from the
commercially available model soot first. Figure 12 presents the temporal variation of heat release
rate during the oxidation of a surrogate soot sample in air subjected to a given temperature
profile, and the baseline determined for the data. As described earlier, the temperature profile
consists of a progressive temperature mode with temperature increasing from 45 °C to 550 °C at
a constant rate of 10 °C/min, followed by an isothermal mode. Note that the maximum
temperature for the DSC experiments is 550 °C in the isothermal mode. The surrogate soot
sample was weighed (3.719 mg) and loaded into an aluminum sample pan of the DSC. For
establishing the baseline, a high purity nitrogen gas was used to provide an inert environment to
suppress chemical reactions under this temperature profile. The heat flow rate profile for this
case clearly indicates the endothermic process associated with the heating of the sample during
the temperature heat-up period.

After the baseline was determined, the surrogate soot sample was reacted in an oxidizing
environment with an airflow rate of 60 ml/min under the same temperature profile as described
above. As shown in the figure, the reaction was stabilized in the initial heating period from 45 °C
to about 200 °C for about 20 min, and then increased rapidly with time until the ambient

temperature reached the isothermal condition. Subsequently the heat flow rate decreased
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Figure 12. Temporal variation of heat release rate during the oxidation of surrogate soot
sample in air under a specified temperature profile for the baseline case.

exponentially with further oxidation of sample soot during the isothermal condition maintained
at 550 °C until it eventually became zero, indicating the termination of oxidation reaction.
For a given soot sample, the total amount of heat release per unit sample mass can be

evaluated by integrating the heat release rate data with respect to time as:

" dH 1
|l )

where dH/dt denotes the heat flow rate measured by the DSC, t; and t, correspond to times at the
start and termination of oxidation, respectively, and M, and M, are initial sample! mass, and
residue mass, respectively. Note that the integral in Equation (3.1) represents the area under the

heat flow rate curve. This net amount of heat release, associated with the soot oxidation, was

!In experiments with surrogate soot, the residual mass is zero (i.e., My = 0), since the soot sample undergoes
complete oxidation with no ash remaining.
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obtained by subtracting the area defined by the baseline from the total heat release computed by
Equation (3.1).

Table XIIl summarizes results from the DSC experiments using various temperature
heating rates (ranging from 3 °C/min to 100 °C/min) for surrogate soot samples. Results are
shown in terms of the total heat released and the heat release per unit soot mass. For each heating
rate, the temperature profile consisted of increasing the temperature from 45 °C to 550 °C at a
given heating rate, and then maintaining an isothermal condition until the sample was completely
oxidized. The results indicate that while the total heat release varies with the heating rate, the
heat per unit mass is essentially independent of the heating rate, except for the fast heating rates
of 80 °_C/min and 100 °C/min. For these heating rates, temperature fluctuations were observed
during transition from the progressive temperature profile to the isothermal mode. From these

experiments, therefore, the amount of heat release per unit mass of surrogate soot was evaluated

TABLE XIII.

TOTAL HEAT EVOLVED AND HEAT EVOLVED PER UNIT SAMPLE MASS DURING
THE OXIDATION OF SURROGATE SOOT SUBJECTED TO DIFFERENT TEMPERATURE
HEATING RATES IN DSC EXPERIMENTS.

H?fg /r:gi:gte M, (mg) | Total Heat Released (J) Specific ggg)Released
3 5.299 74.35 14.03
5 4.329 60.7 14.02
10 3.719 52.15 14.02
20 4.307 60.4 14.02
40 4.474 62.73 14.02
60 4.741 66.47 14.02
80 4.791 67.93 14.18
100 5.613 81.56 14.53

47



to be 14.02 kJ/g. In addition, an optimum heating rate of 10 °C/min was determined, which
offers both high accuracy in data acquisition and time saving in performing the experiments.

The next set of experiments focused on the effects of peak temperatures set for isothermal
conditions. Two more surrogate soot samples were individually heated up to 535 °C and 525 °C
at a temperature gradient of 10 °C/min in air, respectively, and then maintained at these
temperatures until the oxidation was completed, the same as in the previous experiment for 550
°C (cf. Figure 12). The results are shown in Figure 13, which presents the temporal variations of
heat release rate for the two soot samples. Note that for each plot, the baseline heat flow rate has
already been subtracted so that the data exhibit the heat flow rates generated solely by soot
oxidation. The total heat release and heat release per unit soot mass for these three cases are
listed in Table XIV. The results indicate that although the peak heat release rate and the total heat
release are different for the three different isothermal conditions, the heat release per unit mass
remains the same (=14.02 kJ/g) for the three cases.

Further oxidation experiments were performed to illustrate differences in the temporal
variation of heat release rate associated with the oxidation of two diesel soot samples with
different concentrations of the volatile components of SOF. Oxidation conditions in terms of the
temperature profile (10 °C/min) and air flow rate (60 mL/min) were the same as before with an
isothermal condition at 550 °C. The dry diesel soot sample was obtained by separating volatile
components in SOF from the PM sample using the following procedure. A PM sample was
placed in the TGA unit and heated up to 550 °C with a heating rate of 10 °C/min in nitrogen
(inert) environment, and then maintained at this temperature for 60 min. During the isothermal
condition at 550 °C, volatile components of SOFs contained in the diesel PM sample were

completely removed, which was confirmed by no more change in the sample mass.
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Figure 13. Temporal variation of the net heat flow rate associated with the oxidation of
model soot samples in air subjected to two different temperature profiles with ramp rate of
10°C/min. The peak temperatures at isothermal conditions are 535 °C and 525 °C in Figs. 13A
and B, respectively.
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TABLE X1V

PEAK HEAT RELEASE RATE, TOTAL HEAT RELEASE AND HEAT RELEASE PER
UNIT MASS IN THE OXIDATION OF SURROGATE SOOT SAMPLE SUBJECTED TO
DIFFERENT ISOTHERMAL CONDITIONS IN DSC EXPERIMENTS.

Isothermal Heating rate M, | Peak heat release | Total Heat | Specific Heat
Temperature (°C) | (°C/min) (mg) rate (mJ/s) Release (J) | Release (kJ/g)
550 10 3.719 43.01 52.15 14.02
535 10 4.893 41.96 68.62 14.02
525 10 4.767 33.10 66.85 14.02

Figure 14 and 15 present results from a representative TGA experiment for the separation
of volatile components of SOF in PM samples subjected to two different heat treatments in
helium environment. It has been reported that the amount of volatile components of SOF in PM
is dependent of heat treatment schemes. Previous studies have used the ramp rates of 0.2°-
160°C/min (Fermo et al., 2005; Lapuerta et al., 2007; Setiabudi et al., 2004), maximum
temperatures of 380-750°C (Fermo et al., 2005; Lapuerta et al., 2007; Stratakis et al., 2003;
Yezerets et al., 2003; Zinbo et al. 1992), and isothermal duration of 2 hours. For the present TGA
experiments, the heat treatment parameters include the temperature ramp rate, the maximum
temperature, and duration of isothermal condition. For data in Fig. 14, the sample with initial
mass of 4.184 mg was heated to 550°C at a ramp rate of 10°C/min, and then maintained at 550°C
for an hour. As indicated, the volatile components of SOF adsorbed in the PM sample were
completely removed during this time. The reduction of PM mass or the mass of SOF evaporated

from the sample was found to be 19.94% of the initial mass. For results in Fig. 15, the PM
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sample with initial mass of 4.147 mg was heated at the same ramp rate of 10°C/min, but three
different isothermal conditions were applied for an hour each at 300°C, 550°C, and 700 °C,
respectively. As expected, the mass profile for this case is significantly different, indicating
fraction vaporization of SOF components depending upon volatility, compared to that in Fig. 14.
However, the total amount of SOF evaporated for this case was 20.04 % of the initial mass,
which is essentially the same as that for the first case.

By the same procedure as described above, the amount of volatile component in SOF
evaporated was found to be 0.855 mg or 20% by mass for a PM sample of initial mass of 4.274
mg. This dry diesel soot sample of 3.419 mg then underwent oxidation in air under the same

temperature profile as in the DSC experiment. After the complete oxidation of both diesel soot
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Figure 14. Instantaneous mass of diesel PM exposed to a nitrogen environment in a heating
mode of temperature gradients of 10°C/min and isothermal condition for 1hr at 550°C.
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Figure 15. Instantaneous mass of diesel PM exposed to a nitrogen environment in a heating
mode of heating rate of 10°C/min with three isothermal temperatures of 300°C, 550°C, and
700°C.

samples, the amount of residue was measured to be 0.266 mg for the PM sample and 0.393 mg
for the dry soot sample, respectively.

Results from the DSC experiments for the diesel PM sample and dry soot sample are
presented in Figure 16. An important difference in the data is that SOF-containing diesel PM
sample shows two peak values of heat flow rate, while the dry diesel soot exhibited one peak.
The first peak near t=~40 min appears due to the exothermic reaction associated with the
oxidation of SOFs, while the second peak near t~60 min is due to the oxidation of soot. The total
amounts of heat release per unit mass calculated by using Equation (1) are 14.67 kJ/g and 17.3
kJ/g for the SOF-containing PM sample and dry diesel soot sample, respectively. These values

are in good agreement with those reported previously (Yang et al., 2010). It is also important to
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note that the above values are lower than those associated with the pure carbon burning to CO2,
the latter being 32.8 kJ/g. While we did not measure the product species, the lower values of heat
release may be attributed to the formation of CO. Evidence of this is provided by Reichert et al.
(2008), who observed that the amount of CO formed was higher than that of CO2, when solid
carbon was oxidized at temperatures over 400 °C.

Additional oxidation experiments with diesel PM samples were conducted under two
more isothermal conditions, corresponding to maximum (isothermal) temperatures of 535 °C and
525 °C, respectively. Figure 17 presents the temporal variations of heat release rates from the
oxidation of diesel PM in air, in comparison with those from dry diesel soot and surrogate soot
samples (see Figure 13). Results for the 550 °C case are also included in the figure. The
comparison of data for diesel PM and dry diesel soot at three isothermal temperatures of 550
°C/535°C/525°C indicate that the fractions of the energy, representing the integrated heat release

rate as percentages of the total heat release of the sample, were 8.18%/7.35%/7.94% in the first

: 6
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Figure 16. Temporal variation of the net heat flow rate measured during the oxidation of
SOF-containing diesel PM sample and dry diesel soot sample in DSC experiments.
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Figure 17. Temporal variation of the heat release rate during the oxidation of dry diesel soot,
diesel PM, and surrogate soot samples in air subjected to three different temperature profiles
with ramp rate of 10°C/min. The peak temperatures at isothermal conditions are 550 °C, 535 °C
and 525 °C in Figs. 17A, B, and C, respectively.
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peak and 91.82%/92.65%/92.06% in the second peak. Using the measured amounts of volatile
components of SOF as 0.904 mg, 1.004 mg, and 0.982 mg, the amounts of heat released during
the oxidation SOFs in diesel PM samples were evaluated to be 5.66 kJ/g, 5.24 kJ/g, and 5.5 kJ/g,
respectively. Thus the average specific heat release from the oxidation of SOFs can be
approximated as 5.47 kJ/g, which is small compared to that from the oxidation of dry diesel soot.

As indicated in Figure 17, the maximum value of heat release rate decreases for the all
the samples, as the isothermal temperature is reduced. However, the total heat release per unit
mass of sample is the same for the three temperature cases. Another important observation is that
for these cases, there are noticeable differences in the heat release rate curves for the dry diesel
soot and surrogate soot samples. These differences can be attributed to the chemical contents in
the two soot samples. It is also important to note the difference in the heat release rate profile for
the 550 °C case and those for the 535 °C or 525 °C cases for the oxidation of dry diesel soot
samples. The profile for the 550 °C case exhibits a continuous sharp decrease after the peak
value, while those for the 535 °C and 525 °C cases indicate first a sharp decrease, followed by
slow decrease and then sharp decrease again. This indicates sensitivity of the oxidation process
to reaction temperature, implying that dry diesel soot contains some chemical species that affect
the temporal rate of heat release during oxidation at a given temperature.

The total amounts of heat release during the oxidation of SOF-containing diesel PM, dry
diesel soot, and surrogate soot samples were computed using Equation (1), and the results are
summarized in Table XV. For these results, the samples were subjected to heating mode at the
constant rate of 10 °C/min and three different isothermal temperatures at 550 °C, 535 °C, and

525 °C in an air environment. As shown in the table, the amount of heat release per unit mass of
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each sample is the same for the three different temperature profiles, although the instantaneous

heat release rates during the oxidation are quite different (cf. Figures 16 and 17).

TABLE XV

SAMPLE MASS (M,), RESIDUE MASS (M), NET MASS OXIDIZED (Mo-M;), MASS OF
VOLATILE COMPONENT OF SOF (M,), TOTAL AMOUNT OF HEAT RELEASE, AND
SPECIFIC HEAT RELEASE IN THE OXIDATION OF DIESEL PM, DRY DIESEL PM AND
SURROGATE SOOT WITH RESPECT TO DIFFERENT TEMPERATURE PROFILES IN
DSC EXPERIMENTS

Temperature profile Total | Specific
. MO Mr Mo' Mr M\/ Heat Heat
Isothermal | Heating | Sample (mg) | (mg) | (mg) | (mg) | Release | Release
temperature rate ) (kd/g)
(°C) (°C/min)
DF',?\je' 4521 | 0266 | 4255 | 0.904 | 625 | 14.67
Dry
550 10 diesel | 3.419 | 0.393 | 3.026 ; 52.2 17.3
soot
SUMOG3 | 3799 | 0 | 3719 | - | 5212 | 14.02
te soot
DF',T\;e' 5021 | 0.158 | 4.863 | 1.004 | 71.32 | 14.67
Dry
535 10 diesel | 6.233 | 1.095 | 5.138 ; 88.62 | 17.3
soot
SUTOO3 | yg93 | 0 | 4803 | - | 6862 | 14.02
te soot
DF',e,\jle' 4912 | 0274 | 4638 | 0982 | 68.02 | 14.67
Dry
525 10 diesel | 6.119 | 0.39 | 5.729 ] 98.84 | 17.3
soot
Surroga | 4 e | g | 4767 ; 66.85 | 14.02
te soot

56



3.4 Conclusion

In order to control the thermal runaway during the oxidation of excess soot deposit in DPF,
it IS necessary to have detailed experimental information on the total heat release and the
temporal variation of heat release rate from the diesel PM oxidation under realistic conditions.
Previous studies have often used commercial soot artifacts (surrogate soot) or PM samples
collected from lab-scaled burners for oxidation experiments, although there are inherent
compositional and structural differences between the diesel PM and surrogate soot. The effect of
SOF concentration in the diesel PM on the heat release rate characteristics has also not been
considered. Moreover, most previous investigations have focused on the oxidation characteristics
of diesel PM. In this study, we report detailed experimental information on the total heat release
and the temporal variation of heat release rate during the oxidation of diesel PM, and elucidate
differences in the heat release characteristics of surrogate soot and diesel soot. The diesel soot
samples were collected from a cordierite particulate filter, where PM emissions bypassing the
exhaust pipe of a light-duty diesel engine were deposited. Measurements employed a differential
scanning calorimeter (DSC) and a thermogravimetric analyzer (TGA). Important observations
are as follows.

Measurements taken at various ramp rates indicated an optimum heating rate of 10 °C/min,
which provide high accuracy and efficiency in measuring the temporal variation of heat release
rate during soot oxidation. Furthermore, experiments on the heat release during the oxidation of
SOF-containing diesel PM and dry diesel soot (with no SOF) revealed two peaks in heat release
rate profiles for the diesel PM, and only one peak for the dry diesel soot. For the diesel PM, the

first peak corresponds to exothermic reactions associated with the oxidation of SOFs at
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temperatures below 400 °C, followed by the second peak corresponding to exothermic reactions
for soot oxidation at higher temperatures.

The DSC experiments revealed that the amounts of heat released from the oxidation of
SOF-containing diesel PM sample, dry diesel soot, and commercially available surrogate soot
were approximately 14.67 kJ/g, 17.3 kJ/g, and 14.02 kJ/g, respectively, indicating that the largest
heat release was obtained from the dry diesel soot sample?. Furthermore, the specific heat release
from the oxidation of SOFs was found to be 5.47 kJ/g. Results also indicated significant
differences in the temporal rates of heat release in the oxidation of SOF-containing diesel PM,
dry diesel soot, and surrogate soot. In particular, remarkable differences were found on the
results for dry diesel soot samples with respect to the oxidation temperatures of 550 °C and
below 550 °C in air. The heat release rate of dry diesel soot at the isothermal temperature of 550
°C decreases monotonically as the complete mass is oxidized. In contrast, the rates of heat
release at the isothermal temperatures of 535 °C and 525 °C first decrease rapidly, and then

slowly. As the complete mass is oxidized, the rapid zone appears again.

“This is consistent with the results of previous studies which indicate that the specific heat release increases if the
internal structures of carbon material become more ordered.
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CHAPTER 4

OXIDATION CHARACTERISTICS OF DIESEL PARTICUALTES

4.1 Introduction

As stated earlier, diesel engines typically require after-treatment devices to control exhaust
emissions. Increasingly strict emissions standards in U.S. and Europe are providing a major
impetus to engine manufacturers for developing advanced after-treatment systems that can
significantly reduce tail-pipe exhaust emissions. In particular, DPF systems have been developed
to remove particulate matter emissions in a majority of diesel vehicle classes. However,
significant improvements are needed in their performance, which include reducing back pressure
due to soot and ash build-up, improving material durability and filtration efficiency, and
developing smart DPF control management systems with optimum regeneration strategies. In
particular, an effective thermal management system is necessary to prevent the failure of a DPF
system by thermal runaway that can occur during the oxidation of excessive soot deposit in DPF
regeneration. To this end, while there have been studies dealing with the oxidation characteristics
of diesel PM (Awara et al., 1997; Chilumukuru et al., 2009; Darcy et al., 2007; Kalogirou et al.,
2007; Messerer et al., 2006; Neeft et al., 1997; Otto et al., 1980; Pauli et al., 1983; Stratakis et
al., 2003; Yezerets et al., 2005), detailed experimental data on the heat release and oxidation
rates of diesel PM under realistic engine and DPF conditions are still needed. Since DPF systems
offer limited physical access in measuring these rates during regeneration, researchers have used
bench-scale experiments to determine the oxidation Kinetics parameters, such as reaction order,

activation energy, and pre-exponential factor.
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The Kinetics of oxidation, the study of how fast oxidation takes place, is a topic of central
importance to develop smart DPF system with optimum regeneration strategies. Knowledge of
the phenomenological rates describing the general dependence of oxidation rates on temperature
and reactant concentrations is of value for its own sake, in understanding the oxidation behavior
of diesel particulate emissions, in improving the efficiency of DPF regeneration, and in
preventing the failure of a DPF system by thermal runaway that can occur during the oxidation
of excessive soot deposit.

In the previous chapter, it has been described that the oxidation experiments with surrogate
soot and commercially available graphite often provide inaccurate data for predicting the
oxidation rates and thermal energy distribution during DPF regeneration, and the discrepancies
can mainly be attributed to two factors. First, there are significant differences with respect to the
composition and morphology of diesel PM and surrogate soot samples. Second, the SOF
adsorbed on diesel PM can enhance its ignition and oxidation rate, and, thereby, lower the energy
input required for DPF regeneration. However, our literature review indicated only one study
(Collura et al., 2005) dealing with the effect of SOF on the oxidation of diesel PM.

Previous research concerning the oxidation of diesel PM is summarized in Table XVI. As
indicated, there have been numerous investigations on the oxidation of diesel PM under both
catalytic and non-catalytic conditions. However, most of them have analyzed PM samples taken
from the engine exhaust. While such studies provide useful fundamental information on the
Kinetic parameters pertaining to diesel soot oxidation, it is important to characterize the oxidation
behavior of PM samples taken directly from a DPF system. The Kinetic parameters obtained
from such samples provide more relevant information for designing optimum DPF regeneration

algorithms.
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Table XVI

PREVIOUS RESEARCH ON THE OXIDATION OF DIESEL PM

Sampling Oxidation )
Reference . ) . Rate expression
position | instrumentation
DPF / diesel i E
Awaraetal. (1997) | DPF oSl Engine R=—A-e><;{— e )‘[Oz]
(bare & catalyzed) R,-T
Chilumukuru et al. i i
DPE DPF / diesel engine Re_A.T -ex;{— E, j
(2009) (catalyzed) R, T
E m|*
Reactor —_A. - N P DL Moy
Darcy et al. (2007) DPF R=-A eXp[ R -T] m0|:m } [Poz]
(non-catalyzed) v 0
Exhaust Reactor E h
Kalogirou et al. (2007) _ R=-A. ex;{— —aj : [Poz ] 02
pipe (bare& catalyzed) R,-T
Exhaust Reactor E,
Messerer et al. (2006) . R=-A-exp — -m
pipe (catalyzed) R,-T
E
Exhaust Reactor R=—A.exp ——2_ |.i= AT [p. [ *
Neeft et al. (1997) _ ex‘{ R, .TJ ERINCY
pipe (non-catalyzed)
Exhaust Reactor E,
Otto et al. (1980) . R=-A-exp —
pipe (non-catalyzed) R,-T
. Exhaust Reactor E,
Pauli et al. (1983) _ R=-A-exp - -[0,]
pipe (non-catalyzed) Re-T
Between
Rodriguez-Fernandez
g DOC and TGA . p[_ E, J_[m]nc P, I
et al. (2011) Teflon (non-catalyzed) Ry -T
filter
) TGA E, N
Stratakis et al. (2003) DPF R=—A-exp — [m]™
(bare& catalyzed) Ro-T
Reactor/ TGA E n n
Yezerets et al.(2005) DPF R= —A~6XP[— . aT j [e]* [0, J'e **

(non-catalyzed)

* A : Ratio of the instantaneous oxidized carbon to total carbon, ** ¢ :
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In Chapter 4, we begin with a survey of the specific functional dependence of the reaction
rate on temperature, which is referred to as Arrhenius law. We then briefly discuss two theories
of reaction rates, the collision theory and the activated complex theory. For a more detailed
understanding of any of these aspects and a thorough coverage of the subject, refer to any of the
books on chemical kinetics, such as those listed in Reference (Benson, 1960; Laidler, 1969;
Levenspiel, 1999). And then the oxidation experiment was performed to examine the oxidation
behavior and kinetics parameters of diesel PM collected directly from the filter membrane of a
DPF system connected to a diesel engine exhaust pipe. Since the samples were collected from
the soot cake built up in commercial DPFs, our experiments are expected to provide more
accurate results for predicting the oxidation of diesel PM during DPF regeneration. Another
objective is to examine the effects of volatile component of SOF on the oxidation of diesel PM
by using samples containing various amounts of SOF. In addition, differences in the oxidation
behavior of diesel PM and surrogate soot are characterized by performing experiments under the
identical conditions. The temperature-programmable experiments were conducted using a
thermogravimetric analyzer (TGA), and the instantaneous mass and the rate of mass loss of a
given sample were measured under well characterized conditions. Subsequently, the kinetic
parameters such as the activation energy, pre-exponential factor, and reaction orders were
determined for both the diesel PM and surrogate soot. The effects of thermal aging in both the
inert and oxidizing environments on the oxidation of diesel PM and surrogate soot were
characterized by performing experiments for a range of thermal conditions, which include
different heating rates, different isothermal periods prior to oxidation, and different isothermal

(furnace) temperatures during oxidation.
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4.2 General Concept of Kinetics

For a one-step chemical reaction of arbitrary complexity, a stoichiometric relation can be

presented by
N N
dVIR & VP (4.1)
i=1 i=1
where v',and v'';are the stoichiometric coefficient of reactant and product, respectively, R,and

P are the reactant and product, respectively.

The International Union of Pure and Applied Chemist (IUPAC) has recommended that the

term “rate of reaction” be restricted to the quantity

¢+ 1dn
g=——t

T (4.2)

where £ is the time derivative of the extent of reaction, and v, is the molecularity of the

reaction with respect to species i n;is the change in number of moles of componenti .

For the elementary reaction, the molecularity of a reaction is the number of atoms or
molecules that interact with each other, leading to the completion of the reaction. The overall
molecularity presents the number of molecules that collide within their molecular range of
interaction. Most elementary reactions have overall molecularity of two, representing two-body
collisions. For the reactions with overall molecularity of three, it is necessary to recombine two
colliding molecules, and a third body is needed to carry away the excess energy. For large,
complex molecules the excess energy can be absorbed by the various vibration modes of the
combined molecules and a third body may not be needed.

The simplest representation of overall rate of reaction involving the reactants is
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®= kﬁ c (4.3)

where Kk is the rate constant, c, is the molar concentration (mol/m) of species , n, is the reaction

order with respect to the ith species. The reaction rate is usually found experimentally, which is
a simple function of these concentrations under the constant of temperature, pressure, and so on.
The order of a reaction with respect to a given species is the exponent of that species’s
concentration in the experimental rate expression. The experimentally determined stoichiometric
coefficients based on concentration variations are reaction orders instead of reaction
molecularities. When the elementary reaction proceeds, the reaction orders determined are the
respective molecularities of the reaction. However, when the species whose concentrations are
measured are the starting and final species of a global reaction, the reaction orders represent the
net effects of the molecularities of the individual elementary reactions.

The measured reaction order is called pseudo-molecularity of the reaction. By holding all
variables constant but one of the reactants in high concentrations, the reaction order of the lean
component can be approximately identified as the apparent overall reaction order. Since the
reaction order describes both elementary and global reactions, it will be used in specifying all
reactions in our reaction study.

A reaction that occurs entirely in a single phase is said to be homogeneous, while one that
occurs partly or entirely at an interface between phases is heterogeneous. The significance of the
latter is that many reactions have rates strongly influenced by the presence of solid surface. Some
crucial step in the reaction can occur on the surface, and the rate may depend on the speed with
which reactants can diffuse to the surface. To complicate matters further, some reactions proceed
by competing homogeneous and heterogeneous reactions. In one way to distinguish the two, the
heterogeneous rate increases with the surface area, while the homogeneous rate remains constant.
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Another way is by varying the temperature: The homogeneous rate varies exponentially with
temperature, whereas a heterogeneous reaction limited by diffusion should have a rate roughly

proportional to TY2.

4.3 Theory of Reaction Rates

4.3.1 The Arrhenius Law

For an elementary reaction the Arrhenius law (Arrhenius, 1889) states that

dink E,
dT RT? (44)

where k is the rate constant, T is the temperature, E_ is the activation energy of the reaction

(J/mol), and R, the universal gas constant. If E,is a constant with respect to temperature,

integrating Eq. (4.4) yields

K(T) = Aexp(— RETJ (4.5)

where Ais the frequency factor or the pre-exponential factor. For constant values of Aand E_, a

plot of Ink versus 1/T exhibits a linear relationship, with Aand E, respectively determined

from the intercept and slope of such a plot.
A somewhat better fit can often be obtained with an equation of the form, which is called

modified Arrhenius equation,

K(T) = BTaexp[— RETJ (4.6)

u
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where Bis a constant, and « is temperature exponent. As is usually the case, when E, >>RT ,

the exponential factor dominated the temperature dependence. And A has comparatively weak

temperature dependence for many elementary reactions.

4.3.2 Hard Sphere Collision Theory

The collision theory is based on the Kkinetic theory of gases, which examines the
interactions between two reactive hard-sphere molecules and the type of collisions they can
undergo. The hard sphere collision theory develops the reaction rate with physical transport
processes, that is, an expression giving the rate constant in terms of microscopic quantities. It
uses Kinetic theory to obtain the frequency of collisions between reactive molecules. In the
simple hard sphere model, it is assumed that the collision energy is derived from the relative
translational energy between the colliding molecules for sufficiently dilute gases. Furthermore,
because not all collisions between molecules actually lead to reaction, it is necessary to estimate
the fraction of reactive collisions, an expression for the rate at which reactive collisions occur
can be derived, which is equivalent to the reaction rate.

Consider two different types of molecule: the one is standing and the other is approaching
it. The moving molecule through a gas with a speed is assumed to be equal to the average
velocity. The collision rate is proportional to the number of density of two different types of
molecule, the reactive speed between these molecules, and their size. To quantify the fraction of
reactive collisions, the impact parameter, b, is of importance defined as the distance of a line
perpendicular to each of the initial velocities of two colliding molecules. If b is large relative to

the range of the force between the molecules, then the molecules hardly interact. Otherwise, the
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interaction and deflection may be large. Thus, if a collision occurs, their centers are within the
distance

Doy =1 +1, - 4.7)
where b, is the maximum value of the impact parameter for which a collision can occur, r,and

r, are the molecular radii of a moving molecule and a stationary molecule, respectively.
In view of one type of molecule striking a molecule of the other type, the colliding area is

equal to

x(r, +1,)° =2, (4.8)
The total number of collision of the stationary molecule is

Z, = b’ VA, (4.9)
where v is the velocity of moving molecule at impact, Atis the time interval during which a
molecule moves, n, is the number of stationary molecules per unit volume. The distance that a
molecule travels in the time is simply vAt, so that all stationary molecules are located in the
volume 7b’, VAt.
The number of collisions of the stationary molecule per unit time is

Z, =2, vn, (4.10)
Thus, the total number of collisions of moving molecules with those of stationary molecules per
unit time and per unit volume is

Z,= ﬂbwaf‘l“z (4.11)

Since all collisions will not lead to reaction, it is necessary to modify Eq. (4.11). The

reactive collision can be affected by the energy at impact. The energy corresponding to the
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motion of the center of mass can be conserved, so that the only energy available for overcoming
a barrier to reaction can be the relative energy.
The cross section is parameterized in terms of the energy evaluated from the velocity along
with the line of centers. The velocity along the line of centers, v,_,is
V,, =V-COScx (4.12)
where vis the velocity of moving molecule, « is the angle between the center line at the impact

point and the line of moving molecule forward to the stationary molecule. The energy associated

with motion along the line of centers is

& = % ,LNi (4.13)

where 4 is the reduced mass.

Applying Eq. (4.12) to (4.13) with ¢ = %yvzand sina = bi then we obtain

'
max

=€ 1—(—} (4.14)

where b is the impact parameter for which a collision can occur.

Since the reaction occurs when the initial kinetic energy, ¢,., exceeds the threshold energy, &*

it can be written as
b 2
Ee =€ 1—[—} >e* (4.15)

If we consider that the effective value of the impact parameter and annulus of area of a molecule

for reaction are by, and 27bdb  then the average probability for reaction in this annulus and

energy can be expressed as
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b,

<P> = ]trZﬂdeb (4.16)

For P=1, Eq. (4.15) can be

g

b? < bmaxz(l—g—J (4.17)

*
So that the average probability, (P) , is, where by, * = bmaxz(l—g—)

b,

<P> = 27z]ﬁbdb (4.18)
Therefore,
(P)= ﬂbmaxz(l—g—*j (4.19)
&

The reaction rate constant at a particular energy at the point of impact can be

&

k() =(P)-v =vbmaxz(1—‘9—*] (4.20)

Thus, the average value of reaction rate constant is

o0

k(T) = (k(z)) = [ {k(e)- P())de (4.21)

&*

The Boltzmann energy distribution is given by

P(e)de = Zﬂ[ﬂktT J \/Eexp[— k:T jdg (4.22)

where Kk is the Boltzmann constant.

Applying Eq. (4.20) and (4.22) to (4.21), then the average value of reaction rate constant can be

expressed as
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k(T) = T{anvbmz(ﬂlej (1—‘%)@ exp(— kgT )}dg (4.23)

Since the velocity of moving molecule is

V= (2—‘9) (4.24)
y7;

the reaction rate constant yields

K(T) = b Z(SKBT]UZeXp & T g—¢e* - _g—g*|| dg (4.25)
™ | “mz kT L) kT T (kT

*

. E—&
By letting x =
YIRNG * =7

B

then

1/2 *
k(T):ﬂbmaxz(8kBT] exp{_ ET

mrz Kg

jo_f {xexp (- x)}dx (4.26)

Since I{x exp(—x)jdx =1, the rate constant can be written as
0

k(T) = nbmax"‘<v>exp(— kgfrj (4.27)

where

)= (SKBT j“'"

mz
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In Eq. (4.27), the factor ab,, *(v) is the number of collisions per unit time per unit

volume between two hard sphere molecules. By this simple collision theory, the absolute
magnitude of k is usually overestimated, since it can be thought of as the fraction of collisions
with sufficient energy that also have the proper orientation for reaction. Accordingly, simple
collision theory is modified by including the probability factor, p, which is sometimes called a

steric factor. Thus, Eq. (4.27) can be re-written as

k(T) = p;zbmaxz<v>exp(— ﬁj (4.28)

Since the temperature is increased, the average relative speed also increases, and hence so
does the collision frequency. But if the threshold energy, ¢*, is larger than k;T , then a small

increase in temperature increases the fraction of collisions with enough energy for reaction,

much more rapidly than the total number of collisions.

4.3.3 Activated Complex Theory

In the activated complex theory, it has been considered that the reaction rates are
associated with the transition from the activated state of molecules to reacted state. The reaction
rate in this theory describes the dynamics of a reactive collision to equilibrium between the
reactants and an intermediate state called the activated complex. On collision between molecules
of the reactants with the top of the potential energy barrier, a highly energized and unstable
molecule is formed, which is referred to be the activated complex. The activated complex
dissociates either into products or back to reactants, depending on the bonding strength.

Consider a bimolecular reaction represented by
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K k,
A+B bt (AB)* — Product

where (AB)*is the activated complex. The rate constant is given as (Vincenti and Kruger; 1965)

() =k, -4 ( g*j (4.29)
- exp| ——— 4.29
2,05 keT

where k, is the rate constant of activated complex (AB)*, g'is the partition function per unit
volume for activated complex, and g,and gz are the partition functions per unit volume for the
reactants.

The partition function is simply a number which describes how the molecules are
distributed over the available energy states at a given temperature in the system. In general, the
electronic energy levels are generally very widely separated in energy compared to the thermal

energy at room temperature. In each electronic level, there are several vibrational levels and for

each vibrational level, there are several rotational states. This is a simplified and useful model to

start with. The total energy is a sum of electronic ( E,), vibrational ( E,), rotational (E,),

translation (E, ), and nuclear spin energy (E, ). Assuming the first three to be independent and
neglecting the last energy, the molecular partition function is written as the product of electronic,
vibrational, rotational and translation partition functions. Therefore,
0 = Qetectronic " Avibration” Yrotation” Utransiatia (4.30)
Since E,>E,>E >E_ >E,, there are far too many translational states available compared to the
other states such as rotational, vibrational and electronic states.
In the bimolecular reaction, the partition function of moleculeiis simply the translational

partition function as rotations and vibrations are absent. The translational partition function per

unit volume can be expressed as
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2mmk,T )™
g, =—( 'h§ ) (4.31)

where m; is the mass of moleculei, his Plank’s constant.
The rate constant k, is the unimolecular decomposition rate of (AB) * going to products. If

it is assumed that the rate of (AB)* decomposition is equal to the frequency of vibration of the
complex, v *. then the complex decomposes to products on every vibration. Thus, the rate

constant can simplify to

i *
k(l'):viq—exp _ (4.32)
040 keT

Separating the partition functionqg* into two factors, a partition function for the vibration

(z*) that leads to dissociation of the transition state and a partition function for the remaining

degrees of freedom (q'*).

z*can be calculated as

1
2t = : (4.33)
1-exp| - hv*
kgT
By Taylor series,
. kT
2t =8 (4.34)
hv*
Therefore, the rate constant can be
kgT g+ e*
k(T)=-2 exp| — 4.35
R )
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q
0a0s

where is the ratio of the number of state available to the activated complex to the number

of states available to the reactants.

4.4 Oxidation Experimental Scheme

Soot samples were accurately weighed and loaded into the sample pans to measure the
instantaneous mass and rate of mass loss during oxidation. As stated earlier, the oxidation
behavior was characterized with respect to different heating rates in an inert environment prior to
oxidation, as well as by using PM samples containing different levels of volatile components of
SOF. Two different heating rates (10°C/min and 100°C/min) and two isothermal durations (1h
and 5h) were used to evaporate different amounts of volatile components of SOF in the PM
sample, and to characterize the effects of heating mode on the oxidation of dry diesel soot. In
addition, the soot samples were directly exposed to oxidizing environment during the heating
mode to characterize their oxidation behavior under conditions when carbonaceous matter and
volatile components of SOF are being simultaneously oxidized. High purity helium gas was used
to provide an inert environment to suppress chemical reactions during evaporation. Following
evaporation, helium was replaced with air for the oxidation of PM samples under the specific
isothermal conditions with temperature of 500°C, 550°C, and 600°C. The flow rate of helium or
air was set at 60ml/min. Subsequently, the data obtained from oxidation experiments were used
to determine the reaction orders, activation energy, and pre-exponential factor for each sample. A

similar procedure was used for oxidation experiments with surrogate soot samples.
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45 Result and Discussion

45.1 Oxidation Experiments with Surrogate Soot

Figure 18 depicts the temporal variation of the instantaneous mass for a surrogate soot sample
exposed to helium environment in heating mode with a ramp rate of 10°C/min followed by an
isothermal condition at 550°C for 1h, and then exposed to oxidizing (air) environment at a
specific temperature. As mentioned earlier, high purity helium gas flow was used to provide an
inert environment to suppress chemical reactions during the heat-up mode. The flow rates of
both helium and air were set at 60ml/min. The oxidation experiments were performed with
surrogate soot samples of 5.865mg, 5.241mg, and 6.267mg. Note that the error in mass
measurement in TGA set-up is less than 0.001% for the three furnace temperatures used in this
study. As indicated, during the heating period, a relatively small mass (=2~2.5%) is lost due to
the evaporation of moisture, organic compounds, etc., contained in the sample. Once the furnace
temperature reached the specified isothermal temperature, the helium gas was replaced with air
to start oxidation. Consequently, the instantaneous sample mass decreases with time due to
oxidation, and the rate of decrease of mass or the oxidation rate can be expressed as (Neeft et al.,

1997):

dm, E. n N
M A p|— . J% [P, T (a.
r ex 3 -TJ [m.] [ Oz] (4.36)

Here m is the sample mass, t the time, A the pre-exponential factor, E, the activation energy, R,
the universal gas constant (8.31447 kJ/mol-'K), T the temperature (K), Po, the partial pressure of

oxygen, and n. and no, the reaction orders with respect to carbon and oxygen, respectively.
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Figure 18. Temporal variation of the instantaneous mass for the surrogate soot sample
exposed to helium environment in heating mode with temperature gradient of 10°C/min, then
maintained at an isothermal temperature of 550°C for 1 h, and then to oxidizing (air)
environment at temperatures 500°C, 550°C, and 600°C in Figs. 18A, B, and C, respectively.
Initial sample mass: 5.865mg (A), 5.241mg (B), and 6.267mg (C).
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In order to evaluate n., Eq. (4.36) is rearranged by taking the natural logarithm as :

dm, E. |1
In[— - }: n, .|n[mc]—[R—uj?+no2 In[POZ]+ In A (4.37)

The logarithmic plot of the rate of mass loss as a function of In[m] is shown in Figure 19
for the three isothermal temperatures of 500°C, 550°C, and 600°C. The reaction order ncwas
obtained by linear regression and computing the slope of each linear regression plot. Note the
fluctuations near the end of oxidation, which may be attributed to measurement errors associated

with the oxidation of small sample mass. The effect of these fluctuations on the computed

P - T=600°C
| T=550°C
-7
_4T=500°C
~ 9
~—
go
= -11
-
c
— -13
-15
-3 -2 -1 0 1 2
In(m,)
Figure 19. Logarithmic plot for the rate of mass loss as a function of In[m.] for the three

isothermal temperatures of 500°C, 550°C, and 600°C. The slope yields the reaction order with
respect to carbon for the surrogate soot sample.



reaction order was assessed by determining the reaction order using data from the start of
oxidation to (i) 95% mass loss (In m = -1.5), and (ii)) 99% mass loss (In m = -3). For the first
case, the computed reaction order was n.=0.79 £ 0.02, while for the second case, the reaction
order was n.= 0.79 + 0.05. Thus the results indicate that the effect of fluctuations on the
measured reaction order is negligible, if the data during the final 5% oxidation period is

excluded. In order to determine the activation energy (E.), EQ. (4.37) is rearranged as:

dm, E. |1
In{— - }_0'79|n[m°]:_[R_uJ?+nOZ In[Py,]+1In A (4.38)

Then the plot of the left-hand term of this equation (with n.=0.79) versus inverse of the

temperature yields E,, as indicated in Fig. 20.
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Figure 20. Evaluation of activation energy for the surrogate soot sample using Eq, (4.38).
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The three data points in this figure correspond to three isothermal temperatures. Again the
gradient of the linear regression line yields —E, /R, and the activation energy E, = 148.16kJ/mol
for the surrogate soot sample.

Experiments were also performed to examine the effect of initial sample mass on the
oxidation behavior of surrogate soot. Experiments involved 12 different samples with initial
mass ranging from 1mg to 4.5mg. Each sample was heated to an isothermal temperature of
500°C, 550°C, or 600°C with a heating rate of 10°C/min in a helium environment, and then
oxidized in air under isothermal conditions. Figure 21 plots the values of activation energy

determined from these experiments.
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Figure 21. Variation of the measured activation energy plotted versus the initial mass of the
surrogate soot sample, covering a mass range of 1-4.5 mg.
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While the results exhibit some fluctuations, especially for initial sample mass < 2.5 mg,
the activation energies calculated for initial sample mass > 3 mg were nearly identical. For data
from the start of oxidation to 99% mass loss and n.= 0.74, the evaluated activation energy was
138 + 2 kJ/mol corresponding to 6 different samples, whereas for n.=0.79 and data where the
oxidation rate during the final 5% mass loss was excluded, the activation energy was found to be
148+ 5 kJ/mol. These results suggest that a minimum sample mass of 3 mg is needed to obtain
kinetic parameters independent of the initial mass.

Furthermore, it is essential to use data from the start of oxidation to 95% mass loss to assure the
accuracy of evaluation in kinetic parameters. It is useful to compare our results for the surrogated
soot with those reported in the literature. Yezerets et al. (2005) reported an activation energy of
E. = 137 = 8.7 kJ/mol for temperatures 400-550°C, oxygen concentrations 3-25%, and total
carbon conversion between 15-18%. They assumed the reaction order of soot to be unity. Neeft
et al. (1997) reported activation energy values of E,=168 + 1kJ/mol and E,=169 + 16 kJ/mol for
soot samples oxidizing in O,/Ar mixture with 25% O, by volume, and in O,/H,O/Ar mixture

with 10% O, and 10% H,O by volume.

In order to determine the pre-exponential factor (A) and the reaction order of oxygen
(ns2), oxidation experiments were carried out at three different oxygen partial pressures, using (i)
25%air/75%He, (ii) 60%air/40%He, and (iii) 100% air/0%He. Using a similar procedure as
described earlier, the soot samples were heated to a temperature of 550°C with a heating rate of
10°C/min followed by isothermal condition at 550 °C for 1h in helium environment, and then
exposed to air environment under a specific oxygen partial pressure at temperature of 550°C.
The flow rate of air-He mixture was set at 100 ml/min. Figure 22 plots the left-hand term of Eq.

(4.38) versus In[Poz]. Again using a linear regression analysis, the slope of the linear regression
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line yields the reaction order np;=0.93, while Y-intercept yields the pre-exponential factor

A=4.34 x10°.

Four additional experiments were performed to investigate the oxidation behavior of
surrogate soot subjected to different heating conditions in either helium or air environment. For
the first experiment, the soot sample was heated to the oxidation temperature of 500°C, 550°C,
and 600°C with a heating rate of 10°C/min in helium environment, and then exposed to
oxidizing environment. For the second experiment, the heating rate was changed to 100°C/min
(maximum heating rate), while for the third, the sample was exposed to helium environment

during the heating rate of 10°C/min, then maintained at an isothermal temperature of 550 °C for

5

P Po, =0.21

P -
Mo, T

In(-dm_/dt)-0.8In(m,)

-9
0,=0.05 Po,=0.12
-10
-3.5 -3 2.5 -2 -1.5 -1
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Figure 22. Evaluation of reaction order of oxygen using Eq. (4-37) for surrogate soot

samples subjected to different oxygen partial pressures.
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5 hours, and then exposed to air environment under isothermal conditions. For the fourth
experiment, the sample was directly exposed to oxidizing environment during the heating mode.
Table XVII summarizes the reaction orders of surrogate soot obtained from these experiments.
As indicated in the table, for heating rates 100°C/min and 10°C/min with no isothermal period,
the evaluated reaction orders were 0.79 = 0.01 and 0.79 + 0.02, respectively. The corresponding
reaction order for the isothermal periods of 5 hours was 0.78 + 0.02. For the sample directly
exposed to oxidizing environment during the heating rate of 10°C/min, reaction order was 0.8 £

0.01.

Table XVII

MEASURED REACTION ORDERS WITH RESPECT TO CARBON FOR THE
SURROGATE SOOT SAMPLES SUBJECTED TO DIFFERENT HEAT TREATMENTS IN
INERT AND OXIDIZING ENVIRONMENTS.

Isothermal oxidation temperature

Heat treatment scheme (°C) Reaction order (nc)

500 550 600

10 °C/min 0.79 0.81 0.77 0.79 £0.02
Heating rate
100 °C/min 0.78 0.8 0.8 0.79 £0.01
Isothermal 1hr 0.77 0.81 0.79 0.79 £0.02
period 5 hr 0.8 0.77 0.76 0.78 +0.02
Oxidation during heating up
) 0.79 0.81 0.8 0.8+£0.02
(No helium used)
0.79 0.8 0.78

Reaction order (nc) £0.01 +0.03 +0.02
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Table XVIII summarizes the evaluated activation energy, reaction order with respect to
oxygen, and pre-exponential factor for surrogate soot samples subjected to different heat
treatments, as discussed above. The E, values obtained from the other four experiments were
145.22 kJ/mol, 147.79 kd/mol, 149.07 kJ/mol, 148.02 kJ/mol, respectively. The values of np, and
A were found to be as np;=0.94 + 0.01 and A=(3.68 + 0.81)x10° respectively. An important
observation from these results is that the reaction order of surrogate soot is essentially

independent of the heating modes in both helium and oxidizing environments.

Table XVIII

MEASURED ACTIVATION ENERGY, REACTION ORDER WITH RESPECT TO
OXYGEN, AND PRE-EXPONENTIAL FACTOR FOR SURROGATE SOOT SAMPLES
SUBJECTED TO DIFFERENT HEAT TREATMENTS.

o Reaction order ]
Activation energy Pre-exponential
Heat treatment scheme of oxygen (noy)
(Ea), (kJ/mol) factor, A (1/sec)
10 °C/min 147.8 0.94 3.24 x10°
Heating rate
100 °C/min 145.2 0.95 2.49 x10°
6
Isothermal 1 hr 148.2 0.93 4.34 x10
period 5 hr 149.1 0.95 4.54 x10°
Oxidation during heating up 6
) 148.0 0.94 3.78 x10
(No helium used)
Average 0.94 3.68 x10°
Standard deviation +0.01 +0.81x10°
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45.2 Oxidation Experiments with Diesel PM

We now present results of oxidation experiments with diesel PM samples collected
directly from a DPF membrane. As described earlier, the amount of SOF in diesel PM strongly
depends on engine speed and load conditions, and the particulates sampled at different engine

operating conditions display significant differences in morphology, which affects soot reactivity.

The diesel soot reactivity is also influenced by the oxidation temperature and duration
due to their influence on the soot structure (Neeft et al., 1996; Ishiguro et al., 1991; Vander Wal
et al., 2007). The gas temperature in engine exhaust can vary from 150 °C at idle to 600 °C at
full load, depending on the engine and duty cycle, and the amount of SOF in the PM
accumulated on the DPF membrane can vary significantly with this temperature, decreasing as
the temperature is increased. Therefore, it is important to investigate the oxidation behavior of

diesel PM using different heat treatments and PM samples containing different amounts of SOF.

In order to prepare a dry diesel soot sample, the diesel PM sample was first exposed to
helium environment to evaporate the volatile components of SOF. As discussed earlier (cf.
Fig.14 and 15), the temperature was increased to 550°C at a rate of 10°C/min, and then
maintained at 550°C for 1h for the evaporation of additional SOF components from the sample.
The dry diesel soot sample was then exposed to the oxidizing (air) environment under the
prescribed isothermal condition. Similar to the surrogate soot experiments, the temperatures at
isothermal condition were maintained at 500°C, 550°C, or 600°C. Figure 23 presents the
temporal variation of instantaneous mass of diesel PM samples subjected to the above heating
and oxidizing mode. The flow rates for both helium and air were set at 60ml/min, while the

initial sample masses were of 4.653 mg, 4.992mg, and 4.592mg. As indicated in this figure,
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initial reduction in the PM mass is due to the evaporation of SOF components in the helium
environment. Approximately 19.4%, 19.6%, and 20.0% of the initial mass was lost during this
process for the three PM samples. The subsequent reduction in mass is due to the oxidation of
dry diesel soot. After complete oxidation, the amounts of residues were measured to be 0.266mg,
0.612mg and 0.583myg, respectively, for the three samples.

Figure 24 plots the temporal variation of the rate of mass loss or the oxidation rate of dry
diesel soot, determined from the measurement of instantaneous mass from the start of oxidation
for the three isothermal temperatures. The corresponding plots for the oxidation rate of surrogate
soot are also shown in the figure. As expected, there are significant differences in the oxidation
behavior of dry diesel soot and surrogate soot. As helium is being replaced by air, the oxidation
rate of surrogate soot increases rapidly, and subsequently decreases as the sample is oxidized.
The oxidation of diesel soot also exhibits an initial transient period during which the oxidation
rate increases rapidly, as helium is being replaced by air. Following this short transient period, as
indicated in Fig. 24, the oxidation rate of diesel soot becomes nearly constant for a certain period

and then decreases, while that of surrogate soot decreases continuously.

In order to gain further insight into the differences between the oxidation behavior of dry
diesel soot and surrogate soot, we plot in Figure 25 their oxidation rates with respect to the
instantaneous sample mass normalized by its mass at the start of oxidation. Consistent with the
plots in Fig. 24, following a short transient period, the oxidation rate of surrogate soot decreases
continuously as the sample mass decreases. In contrast, the oxidation rate of diesel soot is nearly
independent of the instantaneous sample mass until about 80% of the mass is oxidized, and then
decreases as the sample is completely oxidized. Therefore, the oxidation of diesel soot appears to

be characterized by two distinct zones, which are termed here as zones 1 and 2. The transition
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between the two zones is more clearly discerned for the 550°C and 600°C cases. Neeft et al.
(1997) also observed a similar flat region during the oxidation of diesel soot. Thus an important
observation from the present study is the significant difference in the oxidation behavior of diesel

soot and surrogate soot.

The oxidation rate of diesel soot is nearly independent of the instantaneous sample mass
in zone 1 and then decreases as the sample is completely oxidized. In contrast, the surrogate soot
oxidation rate decreases continuously during oxidation as the sample mass decreases. While a
more in-depth description of these differences will require measurements of soot morphology
and speciation, which is beyond the scope of this study, we may ascribe this behavior to several
processes. These include (i) formation of surface intermediates or functional groups during
heating and oxidation, which are known to enhance the diesel soot reactivity (Muller et al.,
2005), (ii) presence of heavier SOF components (Collura et al. 2005), (iii) changes in soot
morphology and crystallization (Vander Wal et al., 2007), and (iv) build-up of ash layer which
decreases the diesel soot reactivity. Previous studies have observed these processes during diesel
soot oxidation. Muller et al. (2005) reported the formation of surface functional groups, such as
C=0, C-O-C, and C-OH, based on mass spectrometry measurements. Their investigation
revealed the existence of different surface functional groups in diesel soot and surrogate soot,
which contributed to differences in the reactivity of two soot samples. Collura et al. (2005)
examined the presence of volatile and non-volatile SOF components, as well as surface function
groups in the diesel PM, and discussed their effects on reactivity. Vander Wal et al. (2007) noted
significant changes in diesel soot morphology during oxidation, while the surrogate soot
exhibited a uniform nanostructure. Thus an important inference from these studies and our

results is that the oxidation of diesel soot in zone 1 is primarily influenced by the presence of
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Figure 23. Instantaneous mass of diesel PM exposed to a helium environment in heating

mode with temperature gradients of 10°C/min, isothermal condition for 1h at 550°C, temperature
control mode to arrive at the specific isothermal temperature, and then exposed to air
environment under isothermal temperatures of 500°C, 550°C, and 600°C, in Figs. 23A, B, and C,
respectively. Initial sample mass and residue mass: 4.653mg and 0.266mg in (A), 4.992mg and

0.612mg in (B), and 4.592mg and 0.583mg in (C).
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Figure 24. Temporal variation of the rate of mass loss during the oxidation of dry diesel soot

and surrogate soot samples under isothermal temperatures of 500°C, 550°C, and 600°C, in Figs.
24A, B, and C, respectively.
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Figure 25.

The rate of mass loss plotted as a function of sample mass, normalized by the

initial mass of sample measured at the start of oxidation, during the oxidation of dry diesel soot
and surrogate soot under isothermal temperatures of 500°C, 550°C, and 600°C, in Figs. 25A, B,

and C, respectively.
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surface functional groups and heavier SOF components, while that in zone 2 is more strongly
affected by the presence of ash layer.

As was the case for the surrogate soot, the data in Fig. 25 were used to determine the
reaction order (n;) and activation energy (E,) for the dry diesel soot The logarithmic rate of mass

loss, In[—dm/dt], is plotted as a function of In[m] in Figure 26. The reaction order is then

Zone 2 Zone 1
(80% ~ End) :(Initial ~ 80%)

A
Y
A
\

T=600°C
pA T = 550°C

T=500°C

In(-dm,/dt)

In(m,)

Figure 26. Logarithmic plot for the rate of mass loss of diesel PM samples as a function of
In[m] for the three isothermal temperatures of 500°C, 550°C, and 600°C. The slope yields the
reaction order of soot for the diesel soot sample.

obtained from the slope of the linear regression line. As indicated, two distinct values of
reaction order corresponding to zones 1 and 2 were found for each case. The reaction order (nc)
values were 0.25/0.28/0.19 in zone 1, and 0.71/0.83/0.67 in zone 2 for the three temperatures
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500°C/550°C/600°C, respectively. The average values of the reaction orders can be written as
0.24%0.05 and 0.74%0.08 in zones 1 and 2, respectively. With these values of reaction orders,
activation energy can be determined by plotting the left-hand term of Eq. (4.38) versus the
inverse of temperature, as indicated in Figure 27. Again, the slope of the linear regression line
yields —E; /Ry, or the activation energies as E;=139.55 kJ/mol and 136.26 kJ/mol in zones 1 and
2, respectively, for the diesel soot sample. The literature review (Marcuccilli et al., 1994; Otto et
al., 1980; Stratakis et al., 2003) indicated a wide variation in the reported activation energy
values, E; = 132 to 207 kJ/mol, depending on the assumed reaction order and experimental

conditions, especially the oxygen partial pressure.
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Figure 27. Evaluation of activation energy for the diesel soot sample in zones 1 and 2 using

Eq. (4.38).
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Similar to the surrogate soot samples, the reaction order of oxygen (n,2) and pre-
exponential factor (A) were determined by conducting oxidation experiments under three
different oxygen partial pressures using (i) 25%air/75% He, (ii) 60%air/40%He, and (iii)
100%air/0%He. Again the dry diesel soot samples were first exposed to helium environment in
heating mode with temperature gradients of 10°C/min and then to oxidizing environment under a
specific oxygen partial pressure and an isothermal temperature at 550°C. The flow rate of air-He
mixture was maintained at 100 ml/min. Figure 28 plots the left-hand term of Eq. (4.38) versus

In[Po2] for zones 1 and 2.
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Figure 28. Evaluation of reaction order of oxygen in zones 1 and 2 for diesel soot samples

subjected to different oxygen partial pressures.

92



Again from a linear regression analysis in each zone, the slope of the linear regression line
yielded the reaction orders of oxygen as ny,= 0.96 and 0.97 in zones 1 and 2, respectively. Then
the pre-exponential factor determined using these values of no; and the Y-axis intercept in Fig.

12 were A=0.31 x10” and 0.05 x10" in zones 1 and 2, respectively.

45.3 Effect of SOF on Diesel PM Oxidation

The effect of SOF on the oxidation behavior of diesel PM was investigated by performing
TGA experiments using different heat treatment schemes, as indicated in Table XIX. The first
one involved heating the PM sample in helium at a rate of 100°C/min to a specified temperature
(500°C, 550°C, or 600°C), and then subjecting to oxidation at the indicated temperature. For the
second scheme, the heating rate was reduced to 10°C/min, while for the third case, the sample
was heated in helium at a rate of 10°C/min to the specified temperature and then maintained at
that temperature for 1 hour, prior to oxidation. Using different heat treatment schemes allowed us
to vary the amount of volatile components of SOF evaporated from PM samples, and thus
perform oxidation experiments with samples containing different amounts of SOF. The amounts
of volatile components of SOF evaporated from the sample varied from 4.7% to 21.9% of the

initial sample mass, as listed in Table XIX.

For each of the above nine cases, the kinetic parameters were determined from the measurements
of the temporal variations of sample mass and rate of mass loss, as described earlier. These
parameters, which include the reaction orders with respect to soot (n;) and oxygen (no2), the
activation energy, and pre-exponential factor in both zones 1 and 2, are listed in Table XIX. An
important observation from these results is that the amount of SOF in diesel PM does not have a

significant effect on the oxidation behavior of diesel PM. For instance, for the three cases with

93



Table X1X

MEASURED AMOUNT OF EVAPORATED VOLATILE COMPONENTS OF SOF,
REACTION ORDER WITH RESPECT TO SOOT AND OXYGEN, ACTIVATION ENERGY
AND PRE-EXPONENTIAL FACTOR FOR DIESEL PM SAMPLES SUBJECTED TO
DIFFERENT HEAT TREATMENTS.

Heating
rate 100 10 10
(°C/min)
He | Isothermal
Heating & period at i i 1
Flue gas 550 °C
conditions (Hr)
Oxidation
Air tempgrat“r 500 | 550 | 600 | 500 | 550 | 600 | 500 | 550 | 600
(°C)
Amount of evaporated
volatile components of SOF | 47 | 7.1 | 13.1 | 12.1 | 165 | 21.9 | 19.4 | 196 | 20.0
(% of mass)
Zonel 0.3 oéz 0.18 | 0.24 | 0.29 | 0.19 | 0.25 | 0.28 | 0.19
N
Zone2 0é7 0%8 0.68 | 0.72 | 0.87 | 0.64 | 0.71 | 0.83 | 0.67
Zonel 0.95 0.95 0.96
No2
Zone2 0.97 0.96 0.97
Zonel 139.1 136.8 139.6
Ea (kJ/mol)
Zone2 133.1 129.5 136.3
Zonel 0.68 x10’ 0.21 x10’ 0.31 x10’
A (1/sec)
Zone2 0.18 x10’ 0.1 x10’ 0.05 x10’

oxidation at 500°C, the reaction orders of soot (n;) in zones 1 and 2 are 0.3/0.24/0.25 and

0.72/0.72/0.71, respectively, for diesel PM samples with evaporated volatile components as
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4.7%, 12.1%, and 19.4%, respectively. The variation in n. for oxidation at higher temperatures
(550°C and 600°C) is even smaller. The corresponding variation in no, with respect to the heat
treatment scheme or SOF is also negligibly small. Similarly, the activation energy exhibits a
relatively small variation with respect to the amount of SOF in diesel PM; for the three heat
treatment schemes, the values of E, are 139.1 kJ/mol, 136.8kJ/mol, and 139.6kJ/mol in zone 1,
and 133.1 kJ/mol, 129.5kJ/mol, and 136.3kJ/mol in zone 2, respectively. The pre-exponential
factors, however, exhibit more noticeable variation, with values ranging from 0.21x10" to
0.68x10’ (1/s) in zone 1, and from 0.05x10’ to 0.18x10" (1/s) in zone 2, depending upon the heat
treatment scheme.

Thus an important result from the present study is that the kinetic parameters for the
oxidation of diesel PM are only weakly influenced by the presence of SOF. This is further
illustrated by plotting in Figure 29 the rate of mass loss for the sample subjected three different
heat treatments, and then oxidized at the isothermal temperature of 600°C. The oxidation rate
profiles for the three heat treatments schemes are essentially the same, although there are some

quantitative differences, which are also reflected in the values of the pre-exponential factors.

4.5.4 Effect of Thermal Aging on Diesel PM Oxidation

It has been known that the oxidation behavior of diesel PM is strongly influenced by the
soot graphitic structure. Vander Wal et al. (2006) and Su et al. (2004) observed the interior
structure of diesel soot to be hollow and disorderly, when exposed to exhaust gas containing
oxygen in the temperature range of 150-600°C, and its oxidation rate was higher than that of the
ordered diesel soot with no hollow structure. Moreover, thermal aging at 700°C was observed to

cause the soot structure to become more graphitic. Mdller et al. (2005) also examined the
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Figure 29. Temporal variation of the rate of mass loss during the oxidation of diesel PM
samples subjected to three different heat treatments with heating rates of 100°C/min, 10°C/min,
and 1 h isothermal period at 550°C in helium, followed by oxidation at isothermal temperature of
600°C. Initial sample mass and residue mass: 4.317mg and 0.155mg for experiment with the
heating rate of 100°C/min; and 4.086mg and 0.312mg for 10°C/min, and 4.592mg and 0.583mg
for 1h isothermal.

reactivity of soot with respect to the amount of graphitization, and observed reduced reactivity
with increased graphitization or more orderly structure.

The effect of thermal aging on the oxidation behavior of diesel PM is depicted in Figure 30,
which compares the rate of mass loss for the two samples subjected to different heat treatments,
followed by oxidation at temperatures of 550°C and 600°C. As indicated in Table XX, the two
heat treatments prior to oxidation consisted of heating the samples to a temperature of 550°C at a
rate of 10°C/min and maintaining this temperature in helium for 1 hour and 5 hours. For both
cases, the Kinetic parameters were determined using the same methodology as described earlier,

and the values are also listed in Table XX. As indicated in Fig. 30, the diesel soot reactivity or
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the oxidation rate is significantly reduced due to thermal aging, which is expected to make the

soot structure more graphitic.
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Figure 30. Temporal variation of the rate of mass loss during the oxidation of two diesel PM
samples subjected to heat treatments of 1 h and 5 h isothermal period in helium environment,
respectively, prior to oxidation at temperatures of 550°C and 600°C in Figs. 30A and B. Initial
sample mass and residue mass: For 1 h isothermal, 4.992mg and 0.612mg in (A), and 4.592mg
and 0.583mg in (B). For 5 h isothermal, 3.848mg and 0.415 mg in (A), and 4.286mg and 0.412
mg for 5h in (B).
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Table XX

MEASURED AMOUNT OF EVAPORATED VOLATILE COMPONENTS OF SOF,
REACTION ORDER WITH RESPECT TO SOOT AND OXYGEN, ACTIVATION ENERGY
AND PRE-EXPONENTIAL FACTOR FOR DIESEL PM SAMPLES EXPOSED TO HELIUM

ENVIRONMENT FOR 1 HOUR AND 5 HOURS AT 550 °C, PRIOR TO OXIDATION.

Heating rate
(°C/min) 10 10
He
Heating & Isothermal
Flue gas period at 550 1 5
conditions °C (Hn)
Oxidation
Air | temperature 500 550 600 500 550 600
(°C)
Amount of evaporated volatile
(% of mass)
Zonel 025 | 0.28 | 0.19 | 0.05 | 0.08 | 0.09
Ne
Zone2 0.71 083 | 067 | 0.77 | 0.75 | 0.78
Zonel 0.96 0.96
No2
Zone2 0.97 0.97
Zonel 139.5 153.1
Ea (kJ/mol)
Zone2 136.3 155.1
Zonel 0.31 x10’ 1.27x10’
A (1/sec)
Zone2 0.05 x10’ 1.28x10’

Moreover, as expected, the effect of thermal aging on soot oxidation is mostly observed
in zone 1. These observations are further confirmed by the comparison of kinetic parameters for

the two samples in Table XX. For instance, the reaction order of diesel soot in zone 1 decreases
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on an average from 0.26 to 0.08 in zone 1, while the activation energy is increased from 139.6 to
153.1kJ/mol, as the isothermal period is increased from 1 hour to 5 hours. It is important to note
that the amounts of volatile SOF evaporated are nearly the same for the two samples, indicating
that the effect on the oxidation rate is primarily due to thermal aging. Therefore, an important
result here is that the kinetic parameters associated with the oxidation of diesel PM are strongly

influenced by the thermal aging, showing reduced reactivity with thermal aging.

Results presented so far pertain to oxidation experiments for diesel PM samples subjected
to heat treatment in helium environment prior to oxidation. However, in practical DPF
regeneration systems, the diesel PM is exposed to exhaust gas emissions containing oxygen, in
which the evaporation/oxidation of volatile components of SOF occur simultaneously with the
oxidation of soot. In order to simulate such a scenario, oxidation experiments were also
performed with the diesel PM subjected to heating in air environment. The heating mode
involved a ramp rate of 10°C/min and the isothermal condition at 500°C, 550°C, or 600°C, as

also indicated in Table XXI.

Figure 31 presents the temporal variation of instantaneous mass and rate of mass loss of
diesel PM samples for the above case. The initial sample masses were 5.41mg, 5.26mg and
6.86mg, while the residue masses after complete PM oxidation were 0.593mg, 0.37mg and
0.367mg. Also during the heat-up period, the reductions in mass due to evaporation/oxidation of
SOF components were 23.0%, 22.9%, and 21.8%, respectively. Similar to our previous study
(Chong et al., 2011) concerning the heat release of SOF-containing diesel PM, the oxidation of
SOF-containing diesel PM samples exhibits two peaks in the mass loss rate profiles. The first
peak near t=30 min is due to the evaporation/oxidation of SOF components because of the
relatively low temperature, while the second peak near t=60 min corresponds to the oxidation of
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soot. Using the methodology as described earlier, the data in Fig. 31 were used to extract the
oxidation rate parameters, which are in Table XXI. The corresponding values for the sample
subjected to heating in the helium environment are listed in this table. The comparison indicates
that exposing the sample directly to oxidation during the heating period decreases the overall
oxidation rate, as illustrated by the activation energy, which is 150.0 kJ/mol compared to a value

of 136.8 kJ/mol for the sample heated in an inert environment.

Table XXI

MEASURED KINETIC PARAMETERS (REACTION ORDERS WITH RSPECT TO SOOT
AND OXYGEN, ACTIVATION ENERGY, AND PRE-EXPONENTIAL FACTOR) FOR
DIESEL PM SAMPLES EXPOSED TO HELIUM AND AIR ENVIRONMENT DURING

HEAT TREATMENT WITH A HEATING RATE OF 10 °C/MIN.

Heat-up He Air
ngatlng & Oxidation
ue— gas temperatur
conditions | Air pe 500 | 550 | 600 | 500 | 550 | 600
(°C)
Zonel 0.24 | 029 | 019 | 0.25 | 0.1 | 0.15
N
Zone2 0.72 | 0.87 | 0.64 | 0.72 | 0.87 | 0.74
Zonel 0.95 0.96
No2
Zone2 0.96 0.96
Zonel 136.8 150.0
Ea (kJ/mol)
Zone2 129.5 142.5
Zonel 0.21 x10’ 1.6x10’
A (1/sec)
Zone2 0.1 x10’ 0.8 x10’
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Figure 31. Instantaneous mass and rate of mass loss (oxidation rate) of diesel PM samples

exposed to air environment in heating mode with ramp rate of 10°C/min, followed by isothermal
condition at temperatures 500°C, 550°C, and 600°C in Figs. 31A, B, and C, respectively. Initial
sample mass and residue mass: 5.41mg and 0.593mg in (A), 5.26mg and 0.372mg in (B), and
6.861mg and 0.367mg in (C).
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Suuberg et al. (1989) observed that the surface area of the carbon decreases with increasing
aging temperature and exposure time in an oxygen environment. Therefore, it may be speculated
that the thermal aging of diesel PM in air may cause loss of surface area and rearrangement of
graphitic structure, and thereby the increase in activation energy and reduction in the oxidation
rate.

Finally, Table XXII summarizes the kinetic parameters for the oxidation of surrogate soot
and diesel PM samples subjected to different heat treatments, followed by oxidation at 550°C.
The important observation is that there are significant differences between the oxidation
characteristics of surrogate soot and diesel PM. While the oxidation of surrogate soot is
characterized by having a single zone, that of diesel PM occurs in two distinct zones. In addition,
the Kinetic parameters for surrogate soot are essentially independent of the heat treatment
schemes, while the oxidation of diesel PM is strongly affected by not the amount of SOF

components but the heat treatment schemes.

4.6 Conclusion

In this chapter, we described a detailed experimental study on the oxidation of diesel PM
collected from a DPF test system, which was connected to the exhaust stream of a 1.9-L, 4-
cylinder light-duty diesel engine. A TGA set-up was used to measure the instantaneous sample
mass and the rate of mass loss during its oxidation for a wide range of conditions, which
included the initial sample mass, amount of volatile components of SOF in the sample, oxygen
concentration, and different heat treatment schemes in both the inert and oxidizing environments.
The global Kkinetic parameters, which include the reaction orders with respect to soot (n;) and

oxygen (no2), activation energy (E,), and pre-exponential factor (A), were determined for both
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the diesel PM and surrogate soot samples. The effects of SOF and thermal aging on diesel PM

oxidation have also been characterized. Important observations follow.

Table XXI1I

COMPARISON OF THE KINETIC PARAMETERS FOR THE OXIDATION OF
SURROGATE SOOT AND DIESEL PM SAMPLES AT 550 °C WITH DIFFERENT HEAT

TREATMENTS.
Heat treatment scheme for evaporation of SOF volatile
contents in the sample
Kinetics i . I .
Sample parameters Heating rate | Isothermal period | Oxidation during
heat-up
100 °C/min 5 hr (No helium used)
Ne 0.8 0.77 0.81
Ea (kJ/mol) 145.2 149.1 148.1
Surrogate
soot
No2 0.95 0.95 0.74
A (1/sec) 2.49x10° 4.54x10° 3.78x10°
Zonel 0.29 0.08 0.1
Ne
Zone2 0.87 0.75 0.87
e Zonel 139.1 153.1 150.0
a
(kJ/mol)
Zone2 133.1 155.1 142.5
Diesel PM
Zonel 0.95 0.96 0.96
No2
Zone2 0.97 0.97 0.96
A Zonel 0.68x10’ 1.27x10’ 1.6x10’
(1/sec) ; ; ;
Zone2 0.18 x10 1.28x10 0.8 x10
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There are significant differences in the oxidation characteristics of diesel PM and surrogate
soot. The oxidation behavior of surrogate soot is essentially independent of the various heat
treatments and other conditions, while that of diesel soot is strongly influenced by them. For
instance, the reaction order of surrogate soot varied in a narrow range of 0.78-0.8, where the
diesel soot reaction order had a range of 0.05-0.9, depending upon the test conditions. Similarly,
the activation energy range was 145-149 kJ/mol for the surrogate soot, and 130-155 kJ/mol for

the diesel soot.

The oxidation of surrogate soot can be characterized by a single zone in which the oxidation
rate decreases monotonically as the soot is oxidized. In contrast, the oxidation of diesel soot
appears to be characterized by two distinct zones, with the oxidation rate being nearly constant
(independent of the instantaneous sample mass) until about 80% of the mass is oxidized (zone 1),
and then decreasing continuously as the sample is completely oxidized. Based on the previously
reported studies and our data, we may attribute these differences to several processes, including
the formation of surface functional groups, presence of heavier SOF components, changes in
soot morphology, and build-up of ash layer during the heating and oxidation of diesel soot. Thus
an important result from our study is that the data obtained from the oxidation of surrogate soot

may not be used for characterizing the oxidation behavior of diesel soot.

The oxidation characteristics of diesel PM are only weakly influenced by the presence of the
volatile components of SOF. However, the presence of heavier SOF components and thermal
aging seem to have a strong influence on diesel soot oxidation. The diesel soot reactivity is
observed to decrease with thermal aging. For example, as the isothermal period in inert
environment was increased from 1 to 5 h, the activation energy increased from 139 to 153

kJ/mol, while the soot reaction order reduced from 0.25 to 0.05. The effect of thermal aging
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qualitatively provides a measure of differences between the oxidation characteristics of samples

collected from the DPF and those collected from the exhaust pipe.

In this work, we have obtained fairly reliable data that may be used for more detailed
modeling of diesel soot oxidation. Future studies will focus on characterizing the oxidation
behavior of diesel PM in the presence of catalysts and in different oxidizing environments. We
have reported that the oxidation of diesel PM is significantly influenced by thermal aging, as
described earlier, which corresponds to the experiment result of diesel PM subjected to a wide
range of temperature during a certain period under the exhaust gas containing various gas phase
chemical components. While we did not investigate the thermal properties of diesel PM collected
from the exhaust pipe, the short exposure of PM to exhaust gas leads to weak effect of thermal
aging on the diesel PM. Indeed, our experiment result shows that the activation energy of
thermally aged diesel PM during 1 hour is lower compared to that during 5 hours, indicating
faster oxidation rate. Therefore, the detail investigation on the characterization of oxidation
behavior of diesel PM collected from the DPF can provide more relevant information for
designing optimum DPF regeneration algorithms. Future studies will focus on characterizing the
oxidation behavior of diesel PM in the presence of catalysts and in different oxidizing

environments.
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CHAPTER 5

MODELING OF HEAT RELEASE RATE

5.1 Introduction

In chapters 3 and 4, oxidation experiments with the diesel PM and surrogate soot subjected
to various heat treatments were discussed. A DSC was used to measure the instantaneous heat
release during soot oxidation under specified temperature profiles in air, while a TGA was used
to measure the amount of volatile components of SOF in soot samples and also to determine the
kinetic parameters for diesel PM oxidation relevant DPF regeneration. As described in chapter 3,
the DSC mainly measures the amount of heat generated by a given sample undergoing oxidation
in flowing gas. In our study, a sample was placed in the reaction chamber of DSC and TGA, and
subjected to a specific temperature profile in an air environment. During the oxidation

experiment, the temperature of reaction chamber was precisely controlled.

In general, exhaust gas emissions from the engine enter the filter, and then flow through the
porous wall of the channel. The soot particles are deposited at the filter surface and inside the
porous material, while gaseous emissions flow through the porous wall. The soot particles
accumulated over time form a soot cake on the filter surface. As PM oxidizes, the heat dissipated
from the accumulated PM layer (i.e. soot cake) is transferred to the exhaust gas directly and
indirectly through the soot cake and the channel wall in DPF. This can increase the temperatures
of exhaust gas and channel wall, leading to temperatures exceeding the DPF melting temperature.
Therefore, the distribution of thermal energy released in regeneration needs to be monitored with
care. In Chapter 5, we evaluated the heat release during the soot oxidation, based on the detailed

oxidation information, such as total specific heat release and kinetic parameters.
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5.2 Modeling of the Heat Release Rate

The heat release rate during soot oxidation under the isothermal condition can be written as
follows:

AT
(_r)H =0 + mcCp,s Tts (51)

Here, r is the soot oxidation rate [mg/s], H is the total specific heat release [kJ/mg], q: is the
instantaneous heat release during the soot oxidation [kJ/s], m. is the soot mass [mg], C,s is the
mass-based heat capacity of soot [kJ/mg-K], Ts is the soot temperature [K], and t is time [s].

Since the soot oxidation rate is defined as

Ea ne No,
—r=Aem{—R.TJImJ . (5.2)

u

Eqg. (5.1) can be rewritten as

Ea Ne No, AT
qt=H-A-exp(—R ,Tj-[mc] [P o -mec, S 63)

u

Figure 32 illustrates the schematic apparatus of the DSC used to the oxidation experiment,
and its specifications and experiment conditions are presented in Table XXIII. The soot samples
were directly exposed to oxidizing environment during the heating mode to measure the heat

release rate during the soot oxidation.

With assuming one-dimensional heat conduction and convection problem, heat dissipated in
the soot sample is transferred to the air directly from the soot surface and indirectly through the
sample pan and the temperature sensor in the sample platform at the DSC. Performing an energy

balance on the soot, it follows that, on the basis of a unit surface area,

9. =0 +0, (5.4)
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where g, is the instantaneous heat released during the soot oxidation, g, and g, are the rates if

heat transferred to the temperature sensor and the air, respectively.

Since the DSC mainly measures the heat transferred from the soot to the temperature

sensor, the measured heat release rate, g, , can be of form on the unit surface area

G =m (5.5)

where, Ts is the soot temperature, Tt is the furnace temperature, R, is the thermal resistance of

interface between sample pan and temperature sensor, L is the thickness of pan (0.2 mm), k is the
thermal conductivity of pan. Since aluminum-Alloy 195 with 4.5%Cu is known to be the

material for the DSC pan, the thermal conductivity is assumed to be 168.7 W/m-K.
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Figure 32. A schematic of differential scanning calorimeter (DSC) and heat dissipation from
the soot to the platform and the air.
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Table XXI1II

DSC SPECIFICATIONS AND OXDIAITON EXPERIMENT CONDITION.

DSC manufacturer TA instrument
e @x210° m
Heating rate accuracy 0.1 °C/min
Isothermal stability 0.1°C
Isothermal temperature accuracy 1°C

Heating rate 10 °C/min
Max. temperature 550°C

Flue gas & flow rate Air, 60 ml/min

Thus the soot temperature during the oxidation can be rewritten as
T, =T, + 0 R}, +(L/K)] (5.6)
The heat flux from the soot to the air during the oxidation, g, , becomes

oy =ha(T, =T, )+ eo (T -T7) (5.7)

where, h, the average convection coefficient [W/(m*-K)], ¢ is the emissivity (0.7), ¢ is the

Stefan-Boltzmann constant (5.67x10® W/m?.K*).

109



Table XXIV presents the thermophysical properties of air at 550°C and atmospheric
pressure, such as the kinematic viscosity of air, the thermal conductivity, and the Prantle number.
With these given values, the Reynolds numbers can be given as

Re = ! (5.8)

14

where, Re is the Reynolds number, | the characteristic length, u, the air flow velocity [m/s], v
the kinematic viscosity of air [m?/s]. Since Reynolds number is evaluated to be 1.12, the air flow
can be assumed to be laminar over the entire soot surface. Thus, the average Nusselt number and

the average convection coefficient can be evaluated with the following equations as
Ny = 0.664(Re)"/? (Pr}3 (5.9)

- Nu-k

hair = | (510)

TABLE XXIV

THERMOPHYSICAL PROPERTIES OF AIR AT 550°C AND ATMOSPHERIC PRESSURE

k
Temperature (°C) (m\z} Is) (W/m-K) Pr
550 89.04x10° 58.37x10° 0.712

Here, N, the average Nusselt number, Pr the Prantl number, hathe average convection coefficient
[W/(m?-K)], k the thermal conductivity of air. The estimated average convection coefficient is

12.2 W/(m?-K) for 550°C.
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5.3 Result and Discussion

Figure 33 depicts the instantaneous heat flow rate of dry surrogate soot samples subjected
to a specific temperature profile in helium, and the baseline determined for the data. After the
complete evaporation of volatile components in each soot sample, as described in Chapter 3, the
soot samples were exposed to helium under the specific temperature profile consisting of two
isothermal modes at 45°C to 550°C for 10 minutes and one progressive temperature mode from
45°C to 550°C at a constant heating rate of 10°C/min. Prior to increasing temperature, the DSC
was stabilized at 45°C for 10 minutes to eliminate small data fluctuations detected. As noted
earlier, the maximum temperature of DSC is 550°C. The heat flow rate curves for three cases,
i.e., 6.831lmg in sample#l, 6.685mg in sample#2, and 6.525mg in sample#3, indicate the
endothermic processes associated with the heating of the sample during the increase of
temperature.

For each surrogate soot sample, the specific heat was evaluated as

dH 1
J(9H} 5.11
Cos ( dt jx M, (dT /dt) (11)

where dH/dt denotes the heat flow rate measured by the DSC [mW], mc, is the initial mass of
soot sample [mg], dT/dt is the temperature increase rate of soot sample [K/s].

Figure 34 shows the heat capacity in the temperature range of 45°C and 550°C for all
surrogate soot samples using Eq. (5.11), average values at each temperature, the specific heat
function obtained by linear regression analysis for the average data, and a standard National
Bureau of Standards (NBS) graphite reference data. As indicated in this figure, the specific heat
capacity for surrogate soot is quite similar to the data for pure graphite measured by NBS.
Furthermore, this result is also noted that the magnitude of data for the specific heat capacity of

surrogate soot is very similar among the three samples, suggesting a good repeatability in
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Figure 33. Instantaneous heat flow rate of dry surrogate soot samples subjected to a specific

temperature profile in helium, and the baseline determined for the data. Initial sample mass:
6.831mg in sample#1, 6.685mg in sample#2, and 6.525mg in sample#3.
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Figure 34. Evaluated heat capacity in the temperature range of 318K(45°C) and
823K(550°C) for all surrogate soot samples using Eq. (5.11), average values at each temperature,
the specific heat function obtained by linear regression analysis for the average data, and a
standard NBS graphite reference data. Initial sample mass: 6.831mg in sample#1, 6.685mg in
sample#2, and 6.525mg in sample#3.
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measurement. The specific heat capacity function for surrogate soot can be represented by

expression of form

C, =0.3481+0.0017T (*K) (5.12)

Figure 35 represents temporal variation of the instantaneous heat release rate for the
surrogate soot sample exposed to helium environment in heating mode with temperature gradient
of 10°C/min, then maintained at an isothermal temperature of 550°C for 10 min., and then to

oxidizing (air) environment at temperatures 550°C.

o He Air .
400 —~- = 800
350 700
Z 300 e SSgTC 600 -
%—; 250 7 500 ‘2’
= 200 74 _ 400 =
2 ) O — Sample present RS
= 150 S : 300 &
5 _ i | —--— Baseline _ 5
T 100 ,’I 200 B
50 [+ 100
w218 o0 L\\\
0 = ol : ‘ : : : 0
0 30 60 90 120 150 180 210 240 270
Time (min)
Figure 35. Temporal variation of the instantaneous mass for the surrogate soot sample

exposed to helium environment in heating mode with temperature gradient of 10°C/min, then
maintained at an isothermal temperature of 550°C for 10 min., and then to oxidizing (air)
environment at temperatures 550°C. Initial sample mass: 5.786 mg.
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Similar to the TGA oxidation experiment, high purity helium gas flow was used to
provide an inert environment to suppress chemical reactions during the heat-up mode. The flow
rates of both helium and air were set at 60ml/min. The oxidation experiments were performed
with surrogate soot samples of 5.786 mg. The heat release rate rapidly increases and decreases,
as helium is being replaced by air, and then gradually decreases as the sample is oxidized. To
investigate whether the initial peak is due to the soot oxidation or the change of temperature
profile, we established the base line with no sample present. And then the soot sample was
exposed to helium environment under the same temperature profile, then maintained at an
isothermal temperature of 550°C for 10 min., and then to nitrogen environment at temperatures
550°C. As seen in this figure, the peak is also clearly shown in the heat flow rate curve of
baseline, indicating measurement errors associated with the replacement of helium/air. Thus the
data during the first increase and decrease is excluded, in performing the comparison of data
between calculation with the model and experiment. From this experiment, the amount of heat
release per unit mass was evaluated to be 14kJ/g, which is in a good agreement with the value
reported previously.

Figure 36 represents the temporal distribution of heat flux transferred to the temperature
sensor and the air and the total heat flux to both the air and temperature sensor during the
oxidation of surrogate soot in the isothermal temperature at 550°C in the DSC. This figure shows
that total heat released from the soot is mainly transferred to the temperature sensor by the
conduction, rather than to the air by the convection. In the real condition, the oxygen is supplied
by forced convection during DPF regeneration. Thus the total heat in the real DPF regeneration

condition is also significantly influenced by heat transferred by the convection. While a more in-
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depth description of the effects of convection on the total heat and oxidation behavior of soot is

necessary, this investigation is beyond the scope of this study.
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Figure 36. Temporal distribution of heat flux transferred to the temperature sensor (g,) and

the air (g, ) and the total heat flux (q,) to both the air and temperature sensor during the
oxidation of surrogate soot in the isothermal temperature at 550°C in the DSC.

By using Eg. (5.3), the rate of heat release, which was calculated with the determined Kinetic
parameters and the specific heat capacity of surrogate soot, is displayed as a function of time in
Figure 37. To compare with experiment data, we plotted the experiment data following the short
transient period. As shown in this figure, the heat flow rate is nearly similar between the two data

sets.

115



= 30 Experiment
= -
o \ T H:14.02kJ/g
s \ A:4.36<105 1/s
= 20 X - E, 148 2kI/mol
O E, ) " ;z AT Imitial mass: 5.786 mg
e =H dexpl ——= [|m | |5, |2 =m.C,.— =
o, 4 e‘p[ Ru-T_J L A e n, 0.81
8 I Po,: 0.21 atm
o 10 no,: 0.93
= & l.I5
0

0 30 60 90 120 150 180 210
Time (min)

Figure 37. Comparison of data between computation and experiment in terms of heat flow
rate (surrogate soot).

We now present results of studying with dry diesel soot. In the same manner of
evaluating the specific heat capacity of surrogate soot, the dry diesel soot samples were heated
up to 550°C at the rate of 10°C/min followed by an isothermal condition at 45°C for 10 minutes,
and then maintained 550°C for 10 minutes in helium environment. Again using Eq. (5.11), the
data for specific heat capacity of four different dry diesel soot samples were displayed as a
function of temperature in Figure 38. The initial sample masses were 4.81mg in sample#1,
4.852mg in sample#2, 4.845mg in sample#3, and 4.91mg in sample#4, respectively. As shown in
this figure, the specific heat capacity exhibits very different values for all samples. While a more

in-depth investigation of different values of specific heat capacity will require characterization of
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diesel soot speciation, we may ascribe this difference to heavier SOF components and ash

particles in diesel soot.
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Figure 38. Evaluated heat capacity in the temperature range of 318K(45°C) and
823K(550°C) for four different dry diesel PM samples using Eq. (5.11). Initial sample mass:
4.81mg in sample#1, 4.852mg in sample#2, 4.845mg in sample#3, and 4.91mg in sample#4.

Previous studies have observed different SOF components in diesel PM. Collura et al. (2005)
examined the presence of volatile and non-volatile SOF components, as well as surface function
groups in the diesel PM, and discussed their effects on reactivity. Chong et al. (2010) have

reported ash particles containing complex substance in diesel PM, such as sulfuric compounds,
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metal oxides, and their mixture. In particular, the amount of ash was measured to be 3~20% in
mass with respect to the initial PM mass. Thus an important observation from this study is that
the existence of different SOF components and ash in diesel PM may contribute to differences in

the specific heat capacity for the diesel soot samples.

As was the case for the surrogate soot, dry diesel PM was exposed to helium environment
in heating mode with temperature gradient of 10°C/min, then maintained at an isothermal
temperature of 550°C for 10 min., and then to oxidizing (air) environment at temperatures 550°C,

which is presented in Figure 39.
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Figure 39. Temporal variation of the instantaneous mass for the dry diesel PM sample
exposed to helium environment in heating mode with temperature gradient of 10°C/min, then
maintained at an isothermal temperature of 550°C for 10 min., and then to oxidizing (air)
environment at temperatures 550°C. Initial sample mass and ash: 5.982mg and 0.285 mg,
respectively.
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The initial sample mass and ash were 5.982mg and 0.285 mg, respectively. Similar to the
oxidation experiment with surrogate soot, the peak is also shown in the heat flow rate curve, after
the replacement of helium/air. The data during the first increase and decrease is excluded, in the
comparison of data between calculation with the model and experiment. The amount of heat
release per unit mass was evaluated to be 17.3kJ/g, which is in a good agreement with the value

reported previously.

Figure 40 represents the temporal distribution of heat flux transferred to the temperature
sensor and the air and the total heat flux to both the air and temperature sensor during the

oxidation of dry diesel PM in the isothermal temperature at 550°C in the DSC.
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Figure 40. Temporal distribution of heat flux transferred to the temperature sensor (g,) and

the air (qg,) and the total heat flux (q,) to both the air and temperature sensor during the
oxidation of dry diesel PM in the isothermal temperature at 550°C in the DSC.
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Similar to the result of surrogate soot, the total heat released from the oxidation of diesel soot in
the DSC is also mainly transferred to the temperature sensor by the conduction, while the heat

dissipated by the convection is fairly small to be negligible.

Figure 41 presents the temporal variation of instantaneous heat release rate of dry diesel
soot sample subjected to the isothermal condition at 550°C in air, which was evaluated with the
determined kinetic parameters for zone 1 of diesel soot and the average value of specific heat

capacity. The measured heat release rate is also included in the figure.
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Figure 41. Comparison of data between computation and experiment in terms of heat flow
rate (dry diesel soot). The zone 1 and the zone including transition and zone 2 are from the start
to 80% of the total heat release and the last 20%, respectively.
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As expected, the rate of heat release evaluated with Eq. (5.3) is similar to the experiment
data in 80 % of total heat release, while there is a quite difference between the calculated data
and experiment in the last 20%. This is due to two different zones occurring during the diesel
soot oxidation, as described in chapter 4. To evaluate the instantaneous mass after 80% oxidation
in mass occurs, further investigation on the characteristics of the diesel soot oxidation during the
transient period from zone 1 to 2 is necessary to fully predict the heat release rate. In particular,
the changes of kinetic parameters with respect to the diesel soot morphology and speciation is

required to get a complete model for heat released during the diesel soot oxidation.

5.4 Conclusion
In an effort of providing better understanding of heat released during the oxidation of
diesel PM, a comprehensive investigation on the oxidation characteristics of diesel PM was
performed with the global kinetic parameters from the experiment using TGA, the total specific
heat release using DSC, and a mathematical model for predicting heat release rate during the soot
oxidation. To control the thermal runaway during the soot oxidation in DPF, the distribution of
thermal energy needs to be investigated in detail. As diesel PM on the DPF oxidizes, the
transferred heat may contribute to increase the temperatures of exhaust gas and DPF membrane.
In this present study, we calculated the heat released during the soot oxidation, using the detailed
oxidation experimental data such as total specific heat release and kinetic parameters. Important
observations are as follows.
There are significant differences in the specific heat capacity of diesel PM and surrogate

soot. The specific heat capacity of surrogate soot is essentially independent of the samples, while
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that of diesel soot is strongly influenced by them. For instance, the data for specific heat capacity
of surrogate soot varied in a narrow range for all cases, where the specific heat capacity of diesel
soot had a wide range, depending upon the samples. This may be due to the difference of
chemical components between surrogate soot and diesel PM. While the surrogate soot is ash-free
and contains small amount of volatile components, the diesel PM contains various ash and
heavier SOF components.

During the soot oxidation in the DSC, the oxygen is mainly supplied by diffusion. And
the heat released from the soot is transferred to the temperature sensor by the conduction, rather
than to the air by the convection. This result reveals that the heat transferred to the DPF by the
conduction should be monitored with care, when the flow of exhaust gas is dominated by
diffusion. On the other hand, the oxygen is supplied by forced convection in the real condition
during DPF regeneration. Thus the total heat in the real DPF regeneration condition is also
significantly influenced by heat transferred by the convection.

The heat release rate of surrogate soot can be modeled with the oxidation rate and total
specific heat release, in which the oxidation rate and heat release rate decrease monotonically as
the soot is oxidized. In contrast, the heat release rate of diesel soot appears to be characterized by
two distinct zones, with the oxidation rate being nearly constant (independent of the
instantaneous sample mass) until about 80% of the mass is oxidized (zone 1), and then
decreasing continuously as the sample is completely oxidized. The heat release rate of diesel soot
can be modeled until the complete of 80% oxidation with the oxidation rate and total specific
heat release. However, further investigation on the characteristics of the diesel soot oxidation

during the transient period from zone 1 to 2 is necessary to get a complete model of the heat
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release rate in the oxidation of diesel soot, such as the changes of kinetic parameters with respect

to the diesel soot morphology and speciation.
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CHAPTER 6

CONCLUSION

6.1 Summary

Diesel engines typically require DPF systems to reduce PM to meet increasingly stringent
emission standards. While there have been noticeable advances in DPF technology, significant
efforts are still needed to develop optimum DPF regeneration strategies and achieve efficient
removal of diesel PM. In particular, the development of an effective thermal management system
is essential to prevent the failure of DPF system by the thermal runaway during the DPF
regeneration. In an effort to develop optimum DPF regeneration algorithms, it is important to
investigate the oxidation and heat release characteristics of PM collected from the DPF
connected to the exhaust pipe of a diesel engine. The experimental approach was to measure
directly, by means of a differential scanning calorimeter, the amount of heat release during the
oxidation and to elucidate differences in the heat release characteristics of diesel PM and
surrogate soot. The TGA experiments involves measurement of the instantaneous sample mass
and the rate of mass loss during its oxidation for a wide range of conditions, which includes
initial sample mass, amount of volatile components of SOF in the sample, oxygen concentration,
and various heat treatment schemes in the inert and oxidizing environments. The global Kinetic
parameters, which include the reaction orders with respect to soot (nc) and oxygen (no),
activation energy (Eas), and pre-exponential factor (A), were determined for both the diesel PM
and surrogate soot samples. The effects of SOF and thermal aging on diesel PM oxidation were

also been characterized. Important observations follow.
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1. Experiments on the heat release during the oxidation of SOF-containing diesel PM and dry
diesel soot (with no SOF) revealed two peaks in heat release rate profiles for the diesel PM,
and only one peak for the dry diesel soot. For the diesel PM, the first peak corresponds to
exothermic reactions associated with the oxidation of SOFs at temperatures below 400 °C,
followed by the second peak corresponding to exothermic reactions for soot oxidation at
higher temperatures.

2. The DSC experiments revealed that the amounts of heat released from the oxidation of SOF-
containing diesel PM sample, dry diesel soot, and commercially available surrogate soot
were approximately 14.67 kJ/g, 17.3 kJ/g, and 14.02 kJ/g, respectively, indicating that the
largest heat release was obtained from the dry diesel soot. Furthermore, the specific heat
release from the oxidation of SOFs was found to be 5.47 kJ/g.

3. Results also indicated significant differences in the temporal rates of heat release in the
oxidation of SOF-containing diesel PM, dry diesel soot, and surrogate soot. In particular,
remarkable differences were found on the results for dry diesel soot samples with respect to
the oxidation temperatures of 550 °C and below 550 °C in air. The heat release rate of dry
diesel soot at the isothermal temperature of 550 °C decreases monotonically as the complete
mass is oxidized. In contrast, the rates of heat release at the isothermal temperatures of 535
°C and 525 °C first decrease rapidly, and then slowly.

4. There are significant differences in the oxidation characteristics of diesel PM and surrogate
soot. The oxidation behavior of surrogate soot is essentially independent of the various heat
treatments and other conditions, while that of diesel soot is strongly influenced by them. For
instance, the reaction order of surrogate soot varied in a narrow range of 0.78-0.8, where the

diesel soot reaction order had a range of 0.05-0.9, depending upon the test conditions.
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Similarly, the activation energy range was 145-149 kJ/mol for the surrogate soot, and 130-
155 kJ/mol for the diesel soot.

. The oxidation of surrogate soot can be characterized by a single zone in which the oxidation
rate decreases monotonically as the soot is oxidized. In contrast, the oxidation of diesel soot
appears to be characterized by two distinct zones, with the oxidation rate being nearly
constant (independent of the instantaneous sample mass) until about 80% of the mass is
oxidized (zone 1), and then decreasing continuously as the sample is completely oxidized.
Based on the previously reported studies and our data, we may attribute these differences to
several processes, including the formation of surface functional groups, presence of heavier
SOF components, changes in soot morphology, and build-up of ash layer during the heating
and oxidation of diesel soot. Thus an important result from our study is that the data obtained
from the oxidation of surrogate soot may not be used for characterizing the oxidation
behavior of diesel soot.

. The oxidation characteristics of diesel PM are only weakly influenced by the presence of the
volatile components of SOF. However, the presence of heavier SOF components and thermal
aging seem to have a strong influence on diesel soot oxidation. The diesel soot reactivity is
observed to decrease with thermal aging. For example, as the isothermal period in inert
environment was increased from 1 to 5 h, the activation energy increased from 139 to 153
kJ/mol, while the soot reaction order reduced from 0.25 to 0.05. The effect of thermal aging
qualitatively provides a measure of differences between the oxidation characteristics of
samples collected from the DPF and those collected from the exhaust pipe.

. There are significant differences in the specific heat capacity of diesel PM and surrogate

soot. The specific heat capacity of surrogate soot is essentially independent of the samples,
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while that of diesel soot is strongly influenced by them. This may be due to the difference of
chemical components between surrogate soot and diesel PM. While the surrogate soot is ash-
free and contains small amount of volatile components, the diesel PM contains various ash
and heavier SOF components.

8. Based on the experimental study using TGA and DSC, the heat release rate of diesel PM and
surrogate soot have been modeled. Since the surrogate soot oxidation is characterized by a
single zone, its heat release rate was successfully predicted. For diesel soot, the oxidation is
characterized by two distinct zones. The prediction of heat release rate for zone 1 is in a good
agreement with experimental data, while that for zone 2 and transient zone from zone 1 and 2

is quite different from experimental data.

6.2 Future Work

In this work, we have obtained fairly reliable data that may be used for more detailed
modeling of diesel soot oxidation. Future studies will focus on characterizing the oxidation
behavior of diesel PM in the presence of catalysts and in different oxidizing environments. We
have reported that the oxidation of diesel PM is significantly influenced by thermal aging, as
described earlier, which corresponds to the experiment result of diesel PM subjected to a wide
range of temperature during a certain period under the exhaust gas containing various gas phase
chemical components. While we did not investigate the thermal properties of diesel PM collected
from the exhaust pipe, the short exposure of PM to exhaust gas leads to weak effect of thermal
aging on the diesel PM. Indeed, our experiment result shows that the activation energy of
thermally aged diesel PM during 1 hour is lower compared to that during 5 hours, indicating

faster oxidation rate. Therefore, the detail investigation on the characterization of oxidation
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behavior of diesel PM collected from the DPF can provide more relevant information for
designing optimum DPF regeneration algorithms. Future studies will focus on characterizing the
oxidation behavior of diesel PM in the presence of catalysts and in different oxidizing
environments.

We have reported that the oxidation of diesel PM is characterized by two distinct zones,
while the surrogate soot oxidation can be characterized by a single zone. While a more in-depth
description of these differences will require investigation on soot morphology and speciation, we
may ascribe this behavior to formation of surface intermediates or functional groups during
heating and oxidation, which are known to enhance the diesel soot reactivity, presence of heavier
SOF components, changes in soot morphology and crystallization. Future work will consider
effects of chemical components of soot, morphology, and structure on the oxidation behavior of
diesel PM.

We have characterized the oxidation behavior of different soot samples in terms of Kinetic
study. The global kinetics model was used in this study. With simple algebraic manipulations,
the Kinetic parameters can be easily determined. To get clear understating of diesel PM oxidation,
further investigation will focus on the reaction mechanism of diesel PM and oxygen molecules,
the effects of soot morphology and speciation on the kinetic parameters, and the effects of the

presence of catalysts and in different oxidizing environments on the kinetic parameters.
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