TABLE OF CONTENTS

DECLARATION OF ORIGINALITY ottt iii
ABSTRACT .ottt ettt r et e b et et et e b e e bt e R e e s et e benteereenenreene e e e e iv
DEDICATION ...ttt et b bbbttt et bbbttt n e e et %
ACKNOWLEDGEMENTS ... oottt sttt snesreanaenae e Vi
LIST OF TABLES ... bbbt IX
LIST OF FIGURES ..ottt sttt sttt e e e X
NOMENCLATURE ...ttt sttt st st ens Xii
CHAPTER 1: INtrOUUCTION ..eouviiieiiieiie ettt e e e 1
1.1 ReSeArCh MOLIVALION ......ccviiiiiiiiiiiieee e 1
1.2 Spark Ignition ENQINe EMISSIONS .......cccvciiiieiieiicicceee e 3
1.2.1 Carbon Monoxide and Hydrocarbons............c.cceeveieeieiiese e 4
1.2.2 Nitrogen Oxides and Particulate Matter .............cccooveieiic i 5

1.3 Emission Management Strategies in Spark Ignition ENgines ..........cccccceevevvvennne. 6
1.3.1 Three-Way CatalySt........ccooiveiieiiicece e 7
1.3.2 Gasoling Lean BUIN .......cuiiiiieie e 10
1.3.3 Exhaust Gas ReCIFCUIALION. .........ccociiiiiiiiiee e 12

1.4 Spark Ignition Engine Performance and Emissions with EGR.............c.ccccee.e. 13
1.5  ReSEACh ODJECIIVES ..o s 14
1.6 TheSIS OULIING ....ceeeiieie ettt nnees 15
CHAPTER 2: EXPerimental SEIUD.........coviiiiriieiese e 16
2.1 ENQGING TESE SBIUP....eviitiiiieiieieiee sttt bbbt 16
2.2 After-treatment FIOw Bench Setup ........cooveiiiiiic i 18
2.2.1 Flow Bench Data Acquisition and System Control.............cccccevveiviiiie e, 19

2.3 Flow Bench EmIsSioN ANAIYZENS ........cc.eoiiiiieiiie et 21
2.3.1 FT-IR and Q-7000 Spectrometer Methods..........ccccooveiieienenieneee e 24

2.4 Catalyst Preparation ...........coccoiieieiieieeie ettt st 26
CHAPTER 3: Research Methodology .........cccooiiiiiiiiiiieiiee s 29

vii












Figure 4.7 NOx slip and conversion efficiencies across EGR ratios....................... 40

Figure 4.8 Components of NOx slip across EGR ratios..........ccccucvveieneneiencnnnnn 41
Figure 4.9 Comparison of outlet N2O and inlet NO concentrations....................... 42
Figure 4.10 Comparison of inlet NO and HC concentrations..............ccccccevveieennnne 42
Figure 4.11 NO; concentrations and ratio of total NOx Slip ........ccccccevvvevviiieieennnne 44
Figure 4.12 CO slip and conversion efficiencies across EGR ratios...................... 45
Figure 4.13 THC slip and conversion efficiencies across EGR ratios.................... 45
Figure A-1 Schematic of after-treatment flow bench ...........c.ccccooviiiiiiicicien, 56
Figure A-2 Section view of flow reversal Unit...........c.ccccoeiieieiie i 57

Figure A-3 Transient temperature of unidirectional and periodic flow reversal ....60

Figure A-4 THC, CO and NOx conversion efficiencies ..........cccccevvevvevciiecieenns 61
Figure A-5 Transient temperature measurements of unidirectional flow............... 62
Figure A-6 Transient temperature measurements of periodic flow reversal .......... 62

Figure A-7 Peak aldehyde concentrations with varying fuel injection quantities ..63
Figure A-8 Peak ketone concentrations with varying fuel injection quantities......64
Figure A-9 Peak aromatic hydrocarbon concentrations with fuel injection ........... 65

Figure A-10 Peak hydrogen formation with varying fuel injection quantities....... 66

Xi



AFR

CAl

Cl

Dl

EGR

EPA

FID

FT-IR

GDI

GHG

HC

HSV

ICE

IMEP

LNT

LPG

NOMENCLATURE

Air-to-Fuel Ratio

California Analytical Instruments

Compression Ignition

Direct Injection

Exhaust Gas Recirculation

Environmental Protection Agency

Flame lonization Detector

Fourier-Transform Infrared Spectroscopy

Gasoline Direct Injection

Greenhouse Gas

Hydrocarbons

Hourly Space Velocity

Internal Combustion Engine

Indicated Mean Effective Pressure

Lean NOx Trap

Liquefied Petroleum Gas

Xii



MAF Mass Air Flow

NDIR Nondispersive Infrared Sensor

NI National Instruments

OSC Oxygen Storage Capacity

PFI Port Fuel Injector

PM Particulate Matter

SCR Selective Catalytic Reduction

SCRE Single Cylinder Research Engine

Si Spark Ignition

THC Total Hydrocarbons

TWC Three-Way Catalyst

Hcy Atomic Ratio of Hydrogen to Carbon
Mgy Mass Flow Rate of Air

Meer Mass Flow Rate of Recirculated Exhaust Gas
n Number of Carbon Atoms

Ocv Atomic Ratio of Oxygen to Carbon
TEGR Ratio of Exhaust Gas Recirculation

Xiii



Excess Air Ratio

Xiv



CHAPTER 1: Introduction

This chapter outlines the research motivation and reasoning for continuing the
development of the internal combustion engine (ICE). A general overview of how
emissions are formed from the combustion process as well as emission management
strategies are discussed. Lastly, the objectives of this work and thesis outline are

presented.

1.1 Research Motivation

The automotive industry is facing increasingly rigorous emission regulations in an effort
to reduce atmospheric pollution and combat climate change. In the United States, the
transportation sector is responsible for 28% of all greenhouse gas emissions [1],
representing the largest share of greenhouse gas emissions compared with all other
economic sectors as shown in Figure 1.1. As a result, many automotive manufacturers are
turning to electrification to reduce total vehicle fleet emissions. Nonetheless, despite
progressively stringent regulations and electrification incentives, hydrocarbon fuels

continue to be the dominant source of fuel for the automotive industry [2].
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Figure 1.1 U.S. greenhouse gas emissions by sector in 2018 (adapted from [1])
The reliance on fossil fuels in the automotive sector is driven by the many advantages
that hydrocarbon fuels offer. Most notably, the energy density of hydrocarbon fuels such
as gasoline and diesel are significantly greater to that of batteries, as shown in Figure 1.2.
Fundamentally, lithium-ion battery technology is limited to the amount of chemical
energy which they can store, estimated to be around 400 Wh/kg [3]. This difference in
energy density allows vehicles with ICEs to carry 30 times the amount of energy per unit
of volume than the battery alternatives. Moreover, the capital cost of battery packs also
increases significantly with the size of the battery pack itself [4]. Presently, battery
electric vehicles account for an estimated 0.4% of all vehicles on the road with an annual
growth rate nearing 60% [5]. To continually reduce the environmental impact of the
automotive sector, research and development into ICEs must continue towards
methodologies such as renewable fuels, advanced combustion strategies and exhaust

after-treatment systems.
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Figure 1.2 Gravimetric energy densities of various fuels (adapted from [2])
In addition to the already enforced emission regulations, further emission legislation as
detailed by the Environmental Protection Agency (EPA) and in EURO VII emission
standards are targeting additional regulated emission species including methane, nitrous
oxide (N20) and ammonia (NHz3) [6], [7]. The EPA has slated these emission
requirements to come into effect through the 2023-2026 vehicle model years with EURO
VII regulations coming into effect by 2025. With these upcoming rigorous emissions
standards, manufacturers must further adopt clean engine technologies to meet these

targeted requirements.

1.2 Spark Ignition Engine Emissions

Understanding emission formation during the spark ignition (SI) combustion process is
imperative to selecting appropriate emission reduction technologies. The primary
influence on exhaust emissions comes from the in-cylinder excess air ratio (A) as shown
in Figure 1.3. This figure further details the emission trends of carbon monoxide (CO),

hydrocarbons (HC), and nitrogen oxides (NOx) with respect to the excess air ratio.
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Figure 1.3 Effect of excess air ratio on emissions (adapted from [8])

1.2.1 Carbon Monoxide and Hydrocarbons
CO is a by-product of incomplete combustion and its formation is driven by the in-
cylinder air-fuel ratio (AFR) [9]. Under rich AFRs, or a fuel/air mixture with insufficient
oxygen (O2), a lack of available O2 needed to completely oxidize the fuel results in partial
oxidation of HC and thus CO formation. If the AFR is near stoichiometric or slightly
lean, the excess O available in the cylinder promotes the oxidation of CO into carbon
dioxide (CO,), thereby reducing CO emissions. Similarly to CO, HC is left over as a

result of incomplete combustion [9].

Under rich AFRs, HC will be left over after the combustion process due to insufficient O

in the cylinder needed to fully oxidize the fuel. However, under lean AFRs, HC



emissions will increase due to increased cycle-by-cycle combustion variations [9]. This

results in left over fuel and an increase in HC and CO emissions from partial oxidation.

1.2.2 Nitrogen Oxides and Particulate Matter
NOx formation is strongly dependent on flame temperatures and availability of O [10].
In SI engines specifically, the majority of NOx is formed in the post-flame gases which
are the first to ignite and are subsequently compressed to higher temperatures [9]. The
rate of NOx formation is also influenced by the AFR, peaking when the AFR is slightly
lean due to increased availability of Oz and higher combustion temperature. If further air
is added to the cylinder past the point of peak NOx formation, the in-cylinder temperature
decreases which reduces NOx formation [9]. With excess fuel, the burned gas temperature

and O availability decrease, reducing NOx formation.

In conventional gasoline engines with port-fuel injection (PFI) fueling systems, the air
and fuel are mixed for a significant amount of time resulting in a near homogeneous air-
fuel mixture for ignition. As such, an insignificant amount of PM formation is realized
[11]. Many modern Sl engines have now adopted gasoline direct injection (GDI),
allowing for more precise fuel delivery and reduced wall wetting in the port [12].
However, the use of GDI systems in gasoline engines has increased the formation of
particulate matter (PM) as a result of the heterogeneous nature of fuel delivery within the
cylinder charge [12], [13]. It is noted that the concentration of PM formed under these
conditions is still lower than diesel-fueled direct injection (DI) engines which require a
diesel particulate filter to trap PM emissions before the exhaust is released to the

atmosphere. Despite the potential for increased PM in GDI systems, current production



gasoline vehicles do not need to implement a dedicated PM trap as seen with diesel-

fueled vehicles.

1.3 Emission Management Strategies in Spark Ignition Engines

Several strategies have been employed in modern engines to manage exhaust emissions.
In general, emissions can be managed either directly in-cylinder or downstream of the
engine with an after-treatment system as shown in Figure 1.4. In-cylinder strategies may

include charge dilution, the combustion mode or changing the fuel type.

After-treatment technologies can be divided into 2 categories: active and passive. Active
after-treatment includes any process in which the after-treatment device modifies the
exhaust condition with independent control, whereas in passive after-treatment, the
engine is used to tailor the exhaust to fulfill the needs of the after-treatment device [14].
In this section, the three-way catalyst (TWC) will be discussed in detail along with
charge dilution strategies including lean burn and exhaust gas recirculation (EGR). Lean
burn is realized by diluting the cylinder charge with excess fresh air, while EGR uses a

portion of exhaust gas to dilute the intake charge mixture.
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Figure 1.4 Emission management in SI engines

1.3.1 Three-Way Catalyst
The TWC is a critical emission reduction system on a gasoline Sl engine. The TWC
utilizes the engine-out HC, CO, NOx and O gases to react with each other in the
presences of a catalyst to form CO2, N2 and H20. The simplified chemical equations for
these processes are detailed in Equations 1.1 through 1.7. These reactions are initiated
with energy which is present in the exhaust gas as heat energy. To lower the activation
energy requirements of these reactions, platinum group metals such as platinum,
palladium and rhodium are used as a catalyst material for these reactions to occur at

lower energy states [15].

Reduction of NOx

2CO + 2NO - 2C0, + N, (1.1)
CoqHg + NO = CO, + H,0 + N, (1.2)
2H, + 2NO - 2H,0 + N, (1.3)



Oxidation of Carbon Monoxide

2C0 + 0, - 2C0, (1.4)

Oxidation of Hydrocarbons
CqHg + 0, = CO, + H,0 (1.5)
Water-Gas Shift
CO 4+ H,0 < CO, + H, (1.6)
Steam Reforming

CqHg + aH,0 —» aCO + (oc + g) H, (1.7)

From these equations, it is noted that NOx reduction relies heavily on the presence of CO,
HC or Hz. However, these NOx reducing reactants are more likely to be oxidized by O>
first, as Oz is a stronger oxidizer than NOx. Thus, SI engines must be run at
stoichiometric AFRs to maintain the effective TWC conversion efficiencies [15], [16].
Excess Oz or excess fuel contained in exhaust gas will cause either NOx or CO and HC to
pass unreacted/partially reacted through the TWC. This balance of NOx, CO and HC

conversion efficiency is shown in Figure 1.5.
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Figure 1.5 TWC conversion efficiency vs excess air ratio (adapted from [15])
To improve the versatility of the TWC, ceria (CeO>) is often added onto the catalyst
substrate to better tolerate AFR deviations from stoichiometric conditions. CeO> has a
unique ability to shift from CeO- to cerium (111) oxide (Ce20Oz3) and vice versa, effectively
allowing for the adsorption or desorption of oxygen [17]. This mechanism, often referred

to as the oxygen storage capacity (OSC), is described in Equations 1.6 through 1.9.

Ce,0; + 0.50, & 2Ce0, (1.6)
Ce,0; + NO & 2Ce0, + 0.5N, (1.7)
Ce,05 + H,0 & 2Ce0, + H, (1.8)
2Ce0, + CO — Ce,04 + CO, (1.9)

During periods of excess O, CeO; effectively stores O to later release it during the

periods when O is not readily available, effectively maintaining a stoichiometric AFR
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across the TWC and allowing for transient fluctuations in the engine AFR. As it can be
seen, CeO- exhibits catalytic behavior itself during this process as both NO and CO are
consumed during these processes (Equation 1.7 and 1.9) [18]. The basic function of OSC

under both lean and rich conditions is represented below in Figure 1.6.
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Figure 1.6 OSC mechanism of Ceria [17]
1.3.2 Gasoline Lean Burn
Operating an Sl engine under lean conditions has been well documented by researchers
and is an attractive alternative to typical stoichiometric burning Sl engines [16], [19]-
[23]. The main advantage to lean burn is the increased thermal efficiency over
stoichiometric operation. In order to reach lean burn, an Sl engine must allow for greater
flow of fresh air into the cylinder which is done by further opening of the throttle, thus
reducing the pumping losses [22]. A leaner air-fuel mixture also reduces the burned gas
temperature, resulting in a lower heat loss and disrupting the NOx formation [20]. As
previously shown in Figure 1.3, lean air-fuel mixtures will reduce engine-out CO and

NOyx emissions.
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Major disadvantages of gasoline lean burn are the limited operating conditions which can
be currently achieved and the operation of the TWC after-treatment system. As the air-
fuel mixture is made leaner, ignition and combustion instability rises, leading to longer
ignition delay and an increased level of cyclic variations [23]. Ceviz and Yuksel
demonstrated the increase in cyclic variation through the coefficient of variance in the
indicated mean effective pressure (IMEP) of gasoline and liquified petroleum gas (LPG)
[19]. LPG showed reduced cyclic variations under lean conditions when compared to
gasoline, however the use of LPG is not widely adopted in vehicular applications as is the

case with gasoline.

Perhaps the most restricting element to lean burn in gasoline engines is the downstream
TWC. As previously discussed, excess O, within the exhaust gas will result in NOx
slipping past the TWC. Thus, a more complex after-treatment system is necessary to deal
with NOyx emissions, similar to diesel compression ignition (Cl) engine after-treatment
technologies [24]. Several methods have been proposed for gasoline lean burn after-
treatment systems, including a urea-free, passive ammonia (NHz) selective catalytic
reduction (SCR) catalyst system demonstrated by Li et al [25]. Instead of injecting urea
to form NHjs to reduce NOx on the SCR as done on diesel CI after-treatment systems, this
system uses a TWC to produce NHsz thus eliminating the need for an on-board urea
injection system. Additionally, Liu et al have also shown the effectiveness of optimizing
EGR with a lean NOy trap in addition to a TWC in order to maintain low NOx exhaust

concentrations while under a lean AFR [26].
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1.3.3 Exhaust Gas Recirculation
EGR is commonplace on diesel Cl engines for in-cylinder emission control, while its use
on modern gasoline Sl engines is becoming more prevalent. However, the application of
EGR for Sl engines is advantageous in a different way than that of CI engines. In lean
burning diesel CI engines, EGR is used in order to achieve significant NOx reduction to
meet emission standards which is well documented in literature [27]-[29]. By applying
EGR, the specific heat capacity of the intake charge is increased which lowers the
combustion temperature while simultaneously diluting the O2 concentration of the
cylinder charge. This results in lowered NOx formation with a trade-off of increased
smoke emissions. Conversely, EGR in gasoline Sl engines is primarily employed to

achieve greater engine efficiencies through lesser pumping losses.

It is important to note that the implementation of EGR on Sl engines is generally
different to EGR on CI engines. Principally, EGR is added in excess to the air-fuel
mixture in a gasoline Sl engine to maintain overall stoichiometric conditions. Whereas,
EGR replaces the fresh-air intake in a diesel Cl engine effectively reducing the intake O>
concentration [27]. To accommodate the additional flow rate of exhaust gas with the
stoichiometric air-fuel mixture, the intake throttle must be opened further under part

loads as shown in Figure 1.7.
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Figure 1.7 (a) no EGR and (b) simplified EGR loop on a gasoline engine

1.4 Spark Ignition Engine Performance and Emissions with EGR

As previously stated, the use of EGR on gasoline engines can improve engine efficiency
through the reduction of pumping losses. In a study conducted by Takaki et al., a low
pressure EGR system used in conjunction with a turbocharged 4-cylinder engine allowed
for a 5% decrease in fuel consumption with the application of 20% EGR ratio by intake
mass [30]. Similarly, Song et al. demonstrated that under matching engine loads, a low
pressure EGR system allowed for a 4.5% decrease in fuel consumption at a 20% EGR
ratio by intake mass. Further increasing the engine load (10 bar brake mean effective
pressure) and increasing engine speed (3000 rpm) allowed for a 9.7% decrease in fuel
consumption at a 20% EGR ratio by intake mass [31]. Both studies reported a reduction

in NOx emissions and exhaust gas temperatures.

Although EGR can reduce fuel consumption, the composition of the engine exhaust
reaching the TWC is changed as a result. Lujan et al. investigated the effects of EGR on
engine-out emissions and observed that the use of EGR resulted in increased HC
emissions from 800 ppm at 0% EGR to 1300 ppm at 15% EGR by intake mass because
of increased combustion duration and reduced combustion temperatures [32].

Francqueville et al. reported that increasing EGR led to a decrease in combustion

13



efficiency, primarily resulting from an increase in HC emissions. EGR ratio is limited by
the combustion efficiency, as higher ratios of EGR will decrease flame temperatures and

propagation speeds [33].

Overall, EGR in both gasoline and diesel-fuelled engines has been well documented. For
gasoline engines, despite the altered exhaust gas composition, the exhaust gas remains
stoichiometric to maintain TWC conversion efficiency. However, a comprehensive study
on the effects of the lowered exhaust gas temperature and the altered exhaust gas
composition on the TWC is limited, especially in cases of a heavily diluted intake charge.
With the upcoming EPA and EURO VII emissions requirements, it is imperative to
ensure that the TWC can still perform effectively and whether the unconventional
exhaust gas composition will influence the formation of future regulated emissions on the

TWC.

1.5 Research Objectives

The primary objective of this work is to investigate how EGR affects the performance of
a TWC to meet critical future emission regulations including EURO VII and 2026 EPA
requirements. Engine tests are first conducted on a single cylinder research engine
(SCRE) to determine the engine exhaust conditions which will be used to study the TWC
performance on a heated after-treatment flow bench. Additionally, the secondary
objective is to determine if EGR impacts the formation of future-regulated emissions on
the catalyst. Detailed emission speciation will be conducted on the after-treatment flow
bench using Fourier-transform infrared spectroscopy (FT-IR) as well as mass

spectrometry to provide a detailed analysis on the resulting post-TWC emissions.
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1.6 Thesis Outline

Chapter | begins with the research motivation to continue advancing the development of
internal combustion engines due to the current pitfalls of electric vehicles and future
emissions legislation. Research background into the formation of emissions within ICEs,
emission control techniques and Sl engine after-treatment are discussed. In Chapter I,
the experimental setup of both the SCRE and the after-treatment flow bench are
described in detail. This also includes detailing the various data acquisition equipment
and emission analyzers used along with the catalyst preparation. The results of the
specific engine exhaust conditions that are to be simulated on the flow bench, along with
the testing procedure on the after-treatment flow bench is presented in Chapter III.
Chapter 1V presents the results of the TWC performance when it was subjected to the
simulated engine out conditions that were determined in Chapter IIl. This includes the
changes in catalyst conversion efficiency as well as detailed emission speciation from the
FT-IR and mass spectrometers. Chapter V summarizes the major work completed
throughout the thesis as well as the findings of the TWC performance under EGR

conditions and lists potential future directions to the presented work.
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CHAPTER 2: Experimental Setup

The research tools used in this study are described in this chapter. This includes
schematic diagrams, measurement devices and an overview of control and data
acquisition systems for various platforms. The empirical research tools that are discussed
include an engine research platform for determining relevant exhaust conditions, a heated

steady state flow bench and various emission analyzers.

2.1 Engine Test Setup

A SCRE was utilized to determine the exhaust conditions used in this work. This engine
was configured for detailed Sl research. The engine was coupled to a General Electric
dual bank direct current dynamometer (model 26 G 215). Specifications of the SCRE are

tabulated in Table 2-1.

Table 2-1 Specifications of the Yanmar single cylinder research engine

Engine type Single cylinder, 4-stroke
Compression ratio 9.2:1
Displacement 0.857 L
Bore 102 mm
Stroke 105 mm
Connecting rod length 165 mm
Fuel pressure (port injection) 4 barg

The in-cylinder pressure was measured with a water cooled Kistler piezo-electric
pressure transducer (model 6043A60) mounted to the cylinder head and connected to a
Kistler charge amplifier (model 5010B). The pressure data acquisition was synced with a
rotary-type optical encoder mounted to the engine crankshaft. Each recorded condition

16



was an average of 200 continuous firing cycles at a resolution of 0.1 degree crank angle.
The coolant temperature was maintained at 80°C using an external conditioning unit and
the engine oil was supplied through an external oil pump. An oil-free and dry air
compressor system supplied fresh air to the engine. A gate valve was fitted near the
intake valve to control mass air flow. An electro-pneumatic regulator was installed
upstream to limit pressure fluctuations. A surge tank was also installed to reduce cyclic
pulsations caused by the opening and closing of the intake valves, allowing for steady
intake conditions. A Roots air-flow meter (model 5M175) was installed before the intake
surge tank to measure the fresh air volumetric flow rate. The actual intake mass flow rate
was then calculated using the intake volumetric flow rate, regulated pressure, and
measured temperature. The engine was also equipped with an EGR loop and EGR cooler.
The intake and exhaust gases from the engine were sampled simultaneously for analysis
using a multitude of analyzers including chemiluminescence detectors (for NOy),
nondispersive infrared detector (NDIR) (for CO and CO,), paramagnetic sensor (for O2),
flame ionization detector (for THC) and an FT-IR for detailed emission speciation. The
setup of the Yanmar SCRE can be found in a previously published paper by the members

of the Clean Combustion Engine Laboratory [34].

It is to be noted that this SCRE, along with the later mentioned after-treatment flow
bench, are not accurately afflicted with external parameters of EGR found on production
engines including a change in exhaust pressure and flow rate to the downstream catalyst

due to the experimental setup of this work.
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2.2 After-treatment Flow Bench Setup

The after-treatment experiments in this work were conducted on an in-house designed
and fabricated after-treatment flow bench. A schematic of the flow bench is detailed in
Figure 2.1. Gases such as CO, N2, and compressed air are fed into a multi-component
gas mixer (Environics series 2000) upstream of the flow bench. A mass air flow (MAF)
sensor (Bosch 281002619) was installed at the outlet of the multi-component gas mixer
to monitor the mass flow rate. The gas mixture exiting the gas mixer is then fed
downstream to a gas heater (Leister 10000HT) to raise the feed gas temperature.
Compressed gas cylinders with reactive gaseous species such as propylene (CsHs), CO,
and NO were dosed downstream of the heater at a constant pressure of 2 barg to avoid
reactions on the heating element. A solenoid port fuel injector was fitted downstream of
the reactive gas dosing point to inject water (at 2.5 barg pressure) into the gas stream. The
feed gas is then sent downstream into a pipe section containing a three-way catalyst
(TWC) core sample. K-type thermocouples (1/16” diameter) were used to monitor the
temperature along the flow bench, including the heater temperature, inlet and outlet
temperature of the catalyst pipe section as shown in Figure 2.2. The temperature within
the catalyst bricks was also measured and recorded to detect exothermic reactions
occurring over the catalyst. To ensure proper species control throughout the tests, the
feed gas was sampled with emissions analyzers both at the inlet and outlet of the TWC

(further detail in Chapter 2.3).
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Figure A-5 Transient temperature measurements of unidirectional flow

Figure A-6 Transient temperature measurements of periodic flow reversal
The introduction of supplemental diesel fuel over a DOC can lead to partially oxidized
hydrocarbons due to the dehydrogenation by O, resulting in the formation of various

carbonyl species. Aldehydes which were measured in this study were likely formed due
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to the presence of alkyl radicals. The resulting peak aldehyde concentrations detected by

FTIR from both unidirectional and periodic flow reversal are summarized in Figure A-7.
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Figure A-7 Peak aldehyde concentrations with varying fuel injection quantities
In general, increasing the quantity of fuel injection also increased aldehyde emissions
which in all cases were mainly composed of formaldehyde (CH.0) and hexanaldehyde
(CeH120). The aldehyde emissions during periodic flow reversal is significantly less to
that of unidirectional flow, further indicating more complete combustion. During the
highest quantity of fuel injection, the aldehyde formation under unidirectional flow
peaked at 335ppm, with the flow reversal only producing 134 ppm, a 60% lower peak
aldehyde concentration. This is attributed to the higher temperatures that are maintained
across the DOC which promotes the complete oxidation of hydrocarbons when O is
sufficient. In general, aldehydes are partial oxidation products that form at lower

temperatures and cannot be further oxidized if the reaction temperature is too low.
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detectable amount of hydrogen within the exhaust. Hydrogen in both cases only occurred
with 1650 mg of diesel fuel injection, however the flow reversal yielded over 700 ppm
more hydrogen to that of unidirectional flow. With the readily available H2O in the
exhaust stream, H> generation only starts when the reaction temperature is reached. Due
to the overall higher substrate temperatures that are maintained for longer periods of time
in the flow reversal, the hydrogen producing reactions can occur for longer periods of

time, thus increasing hydrogen yield.
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Figure A-10 Peak hydrogen formation with varying fuel injection quantities

Conclusions

Experiments were performed on an after-treatment flow bench to investigate the
differences in conversion efficiency and emissions species over a DOC using
unidirectional flow and periodic flow reversal. The following conclusions are drawn

based on the findings of this study:
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