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Abstract

An experimental study was performed to investigate the effects of secondary air
injection (SAI) on particulate matter (PM) emissions. SAI was developed to reduce
hydrocarbon (HC) emissions and has been shown to be effective as a strategy to reduce
HC emissions at cold-start. In general, cold-start emissions have become an
increasingly important problem due to new, more stringent vehicle emissions
regulations. Direct-injection, spark-ignition (DISI) engines, which emit high levels of
PM, are growing in popularity because of their fuel efficiency improvements. Meeting
PM emissions becomes a more difficult task due to more stringent standards and the
greater adoption of DISI engines. This study seeks to investigate the potential use of
SAI to reduce PM emissions in the exhaust system.

Engine based experiments were conducted using a 2.0 L, turbocharged, DISI
General Motors LNF engine. The engine was outfitted with a secondary air injection
system and several thermocouples to measure exhaust stream temperature. A TSI Model
3934 Scanning Mobility Particle Sizer (SMPS) was used to measure particle emissions
at various engine operating conditions and secondary air rates. PM reductions were
observed for the engine conditions and SAT flow rates that were tested. The maximum
particle number reduction achieved was 80%. Particle number and particle volume
reduction were observed to correlate well with exhaust enthalpy release.

Thesis Supervisor: Wai K. Cheng
Title: Professor of Mechanical Engineering
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Chapter 1: Introduction

Vehicle emissions have been regulated in the United States since the 1970s. One of
the earliest pollutants to be regulated was hydrocarbon (HC) emissions. HC emissions
led to the formation of smog, which was a primary concern associated with the growing
use of vehicles. Later emissions regulations have been expanded to include standards
for particulate matter (PM) emissions and vehicle fuel efficiency. The invention of the
three-way catalyst is probably the single most important development in emissions
reduction technology. It was proven to be very effective at reducing HC, carbon

monoxide (CO), and nitrogen oxide (NOx) emissions.

A well-known concern regarding the use of catalysts is high emissions at cold-start.
Before the catalyst reaches its operating temperature, it is mostly ineffective for
reducing HC, CO, and NOx emissions. Currently, the majority of vehicle emissions
measured during the federal test cycle occur during the first 25-30 seconds after engine
start-up. As emission regulations continue to become more stringent, the significance of

the cold-start emissions issue increases.

Secondary air injection (SAI) was proposed towards the beginning to the emissions
regulation era as a strategy to reduce vehicle emissions. The basic theory was to inject
air into the exhaust system to provide oxygen to enable the oxidation of HC and CO.
Later versions of SAI sought to reduce emissions by quickening catalyst light-off. By
enriching the engine mixture and injecting air into the exhaust it is possible to sustain
an exothermic reaction within the exhaust system. This greatly increases exhaust gas
temperature and heats the catalyst quickly. The effectiveness of SAI for reducing HC

emissions has been well documented.

An aggravating factor for the cold-start emissions problem is the growing use of
direct injection, spark ignition (DISI) engines. These types of engines have shown
sizeable increases in fuel efficiency as compared to port fuel injected engines. DISI

engines have led to higher HC and PM emissions, especially at cold-start, due to the
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presence of liquid fuel within the cylinder. In light of increasingly more stringent HC
standards and the DISI emissions issue, SAI has garnered some recent interest for its

ability to reduce HC emissions at cold-start.

Until now, SAI has not been studied with respect to its potential for reducing PM
emissions. Due to upcoming PM emissions regulations, and the growing use of DISI
engines, innovative solutions to reduce PM emissions are needed. This study seeks to

investigate the potential use of SAI as a way to reduce PM emissions at cold-start.

1.1 Background and Motivation

1.1.1 Health and Environmental Effects of Vehicle Emissions

The adverse effects of vehicle emissions on the environment and human health
have been known for some time. These effects were the motivation behind emissions
regulations beginning in the early 1970s. This study focuses on the effects of secondary
air injection (SAI) on particulate matter (PM) emissions. SAI was originally developed
as a strategy to reduce hydrocarbon (HC) emissions. Therefore, the focus of this
background information will be HC and PM regulation. The primary adverse effect of
HC emissions is the formation of smog. Sunlight causes HC in the atmosphere to
participate in photochemical reactions which result in smog and ozone [1]. Regulation
of HC has since helped to greatly reduce the presence of smog in urban arcas with high

vehicle emissions.

Particulate matter regulations are primarily in response to the negative health
impacts of PM. The relation between PM and cardiovascular and respiratory issues has
been extensively studied. The adverse effects of PM on respiratory function are well
known and are especially impactful on people with pre-existing illnesses, such as
asthma [2]. In light of the growing understanding of these health impacts, regulations of

PM emissions have become increasingly more stringent.
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1.1.2 Emissions Regulations for HC and PM

To address the health and environmental impacts of vehicles, emissions
regulations were enacted, beginning with the Clean Air Act of 1970. Since then, air
pollutants have been reduced by 72% despite total vehicle miles travelled increasing by
165% [3]. The initial vehicle emissions standards that resulted from the Clean Air Act
went into effect in 1975. The pollutants regulated included carbon monoxide (CO),
hydrocarbons (HC), and nitrogen oxides (NOx). HC emissions were limited to 1.5
g/mile, but there was no regulation for PM emissions [4]. In later years, the emissions
standards became increasingly more stringent. For Tier | emissions standards, which
were phased in beginning in 1994, the HC standard was reduced to 0.32 g/mile [5]. Tier
IT standards again lowered the HC standard to a maximum of 0.125 g/mile. Tier II
standards were phased in from 2004 to 2009 and were the first instance of regulation of
PM for gasoline powered vehicles. The PM limit was implemented on a mass basis and
the maximum allowable emission for light-duty vehicles was 20 mg/mile [6]. The most
recently enacted legislation was signed in 2013. It determined the Tier I1I standards
which are to be phased in from 2017-2025. Tier III regulations enact a PM limit of 3
mg/mile for all light-duty vehicles and further reduces HC standards [7]. PM emissions
regulations have also been enacted outside of the United States. The European Union
has established both a particle mass and a particle number requirement. Particle mass
has been limited to 4.5 mg/km. Particle number has been limited to 6.0 = 10!
particles/km [8]. The particle number is thought to be the more challenging standard to
meet for DISI engines. This is because DISI engines tend to emit a high number of

small diameter particles.

Emissions standards have continued to become more stringent since their
inception in the 1970s. In addition to the pollutants listed above, there are also
regulations on minimum fuel economy. Fuel economy standards have also continued to
become more stringent. The combination of emissions and efficiency regulations has
been a major driver of investment and innovation in the development of new passenger

car engines. This has led to much research effort to develop new engine technologies.
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1.1.3 History and Development of Secondary Air Injection

Innumerable engine technologies and control strategies have been investigated as
potential ways to keep up with ever changing emissions standards. Probably the most
successful and universally applied development was the three-way catalyst. Three-way
catalysts were so named because they are able to simultaneously reduce concentrations
of CO, NOx, and HC. They are most effective when the engine is operated at
stoichiometric air-fuel ratios. The most significant drawback to the use of three-way
catalysts is that they are mostly ineffective before they reach a temperature of about
250 °C [9]. This is part of what constitutes the cold-start emissions problem. The other
factor that exacerbates the issue of cold-start emissions is the usual need to over-fuel to
achieve an ignitable mixture in-cylinder [10]. This issue is primarily seen in port fuel
injected engines. Due to high fueling rates and a cold catalyst, emissions during the
first 25 seconds of engine operation constitute a majority of emissions seen during the

entire FTP-75 test cycle.

Secondary air injection has been around for a long time in various forms.
Generally, it can refer to a number of emission control strategies for which air is
injected into the exhaust system. An early form of secondary air injection sought to
preclude the need for a catalyst by injecting air during all engine operation [11].
Strategies can differ by where the air is injected and how the engine is operated to
achieve a benefit with SAI. The strategy that has been the subject of research lately is
designed to reduce hydrocarbon emissions, specifically at cold-start. This is achieved
by using SAI to enable exothermic reactions in the exhaust, thereby speeding catalyst
light off and reducing catalyst-in emissions. Typically, the engine is run with an
enriched air-fuel mixture to provide combustible exhaust products. Spark timing is also
retarded to increase exhaust temperatures. Air is then injected into the exhaust port to
supply oxygen to react with the exhaust products. The exothermic reaction within the
exhaust system serves to heat the catalyst and speed catalyst light-off. At the same time,

catalyst-in emissions are reduced [12].
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1.1.4 Engine-out Particulate Matter Emissions with Secondary Air Injection
During cold start, there are more in-cylinder liquid fuel films because low surface
temperatures hinder evaporation. These fuel films are sources of PM emissions. Whelan
et al. found a direct relationship between decreased engine body temperatures and
increased PM emissions [13]. PM emissions are further enhanced by the SAI
implementation strategy of engine enrichment and spark retardation. It is necessary to
enrich the air-fuel ratio and to retard spark to provide the necessary exhaust products
and temperatures to support heat release in the runner leading to the catalyst. Engine-
out PM emissions are expected to increase due to enrichment. In a study by Sabathil et
al., it was found that incomplete fuel oxidation at enriched engine conditions led to high
PM emissions [14]. Another study also found that particle number was sensitive to
small equivalence ratio changes [15]. In addition to equivalence ratio effects, it is
expected that spark retardation will increase PM emissions. Chen et al. found that
retarding the spark timing from an initial value of -20 degrees aTDC caused an increase
in PM emissions. It was suggested that poor combustion at very late spark timings led
to the increased PM emissions [16]. The spark timings used for SAI are typically much
later than the timings used in the aforementioned study. Combustion performance will
continue to degrade as spark timing is retarded and PM emissions will likely increase

for very late timings with SAL

1.1.5 Particulate Matter Composition and Oxidation

Of particular importance to this study is the potential for PM reduction with the
use of SAI. The composition of PM is very important in determining the likelihood of
PM reduction through oxidation. One study listed soot, ash, sulfates, and a soluble
organic fraction (SOF) as components of PM in internal combustion engines. The SOF
is basically hydrocarbon species from unburnt fuel. The study stated that soot and SOF
are the primary components of PM [17]. Soot is composed mainly of carbon and SOF is

typically referred to as volatile hydrocarbon species. Another study found that volatile
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hydrocarbons constituted the majority of PM emissions by mass for a direct-injection,

gasoline engine. The remainder of PM mass was given by soot [18].

The carbonaceous soot portion of PM emissions is known to be very difficult to
oxidize at conditions found in the exhaust. Temperatures within the exhaust system are
too low for fast oxidation of soot particles. Nagle and Strickland-Constable developed a
formula for estimating soot oxidation rates for various temperatures and oxygen partial
pressures [19]. This correlation has been shown to predict soot oxidation rates
reasonably well [9]. Another study noted that soot oxidation was highly dependent on
temperature and oxygen partial pressure. This same study also found that the Nagle and
Strickland-Constable formula tended to overestimate soot oxidation rates, especially at
lower temperatures [20]. The low temperatures considered by the study were relative to
typical in-cylinder temperatures. These low temperatures were similar to the
temperatures expected within the exhaust with SAI. The Nagle and Strickland-
Constable formula was used to estimate soot oxidation rates at conditions that are
typically seen within the exhaust with SAIL. The resulting oxidation rate was much too
low to achieve any significant oxidation of soot given the residence time of soot in the
exhaust system. There is another aspect of soot oxidation that is relevant to the current
study. This is the relationship between soot oxidation and the presence of hydroxyl
radicals (OH). Numerous studies have shown that OH radicals are important in the
oxidation of soot. This is due to the propensity for OH to react with carbon in soot and
soot precursors [21]. The oxidation of combustible exhaust products with SAI should

lead to the production of OH within the exhaust system.

Volatile hydrocarbon species are the other main component of PM emissions. This
component is much more susceptible to oxidation than carbonaceous soot. Several
studies have observed large reductions of PM across a catalyst. These reductions were
attributed to oxidation of volatile particles in the catalyst. The first study reported a
94% reduction of particle number across the catalyst. This reduction was said to be due
to the oxidation of volatiles. Some tests showed reductions across the entire particle

size spectrum. The authors believed that volatiles existed as individual particles at
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small sizes and volatiles were absorbed onto the surface of larger soot particles [22].
Another study noted a 65% reduction in particle number across the catalyst. Most of the
reduction was due to the decrease in nucleation mode particles [23]. A third study found
the highest reduction of particles in the catalyst was for particles in the range 5-50 nm.
This was achieved at the slowest tested engine speed (1600 rpm) [24]. These studies all

provide evidence of the oxidation of volatile species within the catalyst.

1.2 Research Objective

Substantial research effort has been made to study the effects of secondary air
injection on hydrocarbon emissions at cold-start. SAI has been shown to be an effective
way to reduce HC emissions through faster catalyst light-off. It is believed that no
previous studies have been performed to investigate the effects of SAI on particulate
matter emissions. An understanding of the potential effects of SAI on PM emissions
could be of great use to automotive engineers as engines are adapted to meet

increasingly more stringent emissions standards.

This study is intended to provide some insight into the evolution of PM emissions
within the exhaust system during application of SAI. An experimental approach was
taken to gather data on PM reductions. Tests were performed using an engine and
dynamometer test cell. It was expected that PM emissions would increase due to the
engine operating conditions necessary for using SAI. Additionally, it was thought that
SAI could provide conditions within the exhaust system that would be conducive to
reducing PM emissions. The experiments performed and the resulting data are

thoroughly discussed in the following sections.
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Chapter 2: Experimental Apparatus and Procedures

2.1 Experimental Setup

2.1.1 Engine Test Setup

The analysis of the effects of SAI on PM emissions was based on results of

experiments performed using a 2.0L, turbocharged, DISI engine. The engine is a

General Motors LNF Ecotec and is equipped with variable valve timing (VVT). The

specifications of this engine are detailed below. The engine was coupled to a Froude-

Consine AG-80 dynamometer. This dynamometer is absorbing only so the setup also

included an electric motor mounted on the test bed.

Engine type

Turbocharged, In-line 4 cylinder

Displacement [cc] 1998
Bore [mm] 86
Stroke [mm] 86
Wrist pin offset [mm] 0.8

Connecting rod [mm] 145.5

Compression Ratio 9.2:1

Fuel system

Side-mounted gasoline direct injection

Valve configuration

16 valve DOHC,
Dual cam phaser

Maximum torque

350 N*m at 200 rpm

Maximum power

260 kW at 5300 rpm

Table 2-1: Engine specifications

The engine control system consisted of two PCs. These computers were referred

to as the *Master” and “Slave” computers. The desired operating parameters were input

into the “Master” computer. These included engine RPM, spark timing, injection

timing, injection duration, and valve timings. This information was then sent on to the

“Slave” computer. The “Slave” computer then read engine sensors and sent control data

to the engine. The control code run by the “Slave” computer was written in C at MIT.




The engine test cell was designed to be used for several different projects and
therefore had the capability to replicate many different engine running conditions.
There were two separate coolant circuits: one included a chiller and allowed for steady-
state tests with cold coolant, the other included a heater and cold water heat exchanger
to emulate coolant conditions from cold-start to fully warmed up. Additionally, the
intake air system included an electric heater and an air-to-liquid heat exchanger. This
setup allowed for the intake air temperature to be controlled across a range of
temperatures. The intake air cooler also was used to reduce the humidity of the intake

air.

The engine’s fuel system was designed to allow for control of fuel temperature
and supply pressure over a large range of values. The original, mechanical fuel pump
was not used and instead an accumulator and pressurized nitrogen cylinder were used to
contain and pressurize the fuel. This system uncoupled the fuel pressure from the
engine operating conditions and allowed a constant, specified fuel pressure to be

maintained.

A large array of sensors and thermocouples provided the necessary data to
operate the engine and to perform analysis. A Kistler 6125A pressure transduced was
used to measure the in-cylinder pressure for cylinder #4. Other pressure transducers

measured MAP, fuel pressure, and exhaust pressure.

Type-K thermocouples were used throughout the engine setup to monitor and
record various temperatures necessary for engine operation and data analysis. Intake air
temperature was measured after the intake air heater and in the intake manifold. Coolant
temperature was measured at the inlet and outlet of the engine block. Oil temperature
was measured at the inlet and outlet of the oil pan. The fuel temperature was measured
in the fuel line just before entering the fuel rail. Of particular importance to this work
were the temperatures throughout the exhaust system. These measurements were very
important to quantifying the effectiveness of oxidation in the exhaust with SAI. Five
thermocouples were placed throughout the exhaust system and their locations are shown
in Figure 2-1.
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Post Turbo 1

Port Thermocouple
Thermocouple
R Post Turbo 2
unner : :
Thermocouple Thermocouple

Post Turbo 3
Thermocouple

Figure 2-1: Exhaust thermocouple locations

The Port and Runner thermocouples are both equipped with aspirated radiation
shields. The design of the radiation shields is shown in Figure 2-2. The aspirating flow
is driven by the pressure differential from the exhaust manifold to atmospheric
pressure. Exhaust gas was drawn down the inside of the tubular shield and then exited
through a tee-fitting. The thermocouple ran down the center of the tubular radiation
shield. This feature helped reduce conduction losses by exposing a substantial length of
the thermocouple to the aspirating flow. The tip of the thermocouple was recessed 0.25

inch inside the radiation shield.
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Thermocouple

Shield

Figure 2-2: Aspirated radiation shield diagram

The air/fuel ratio of the engine was measured in the exhaust, downstream of the
turbo. It was installed into an empty housing that took the place of the catalyst. All
testing was done without a catalyst. The sensor used was an ETAS LA-4 UEGO.
Because the sensor was located downstream of the turbo it measured an average value
for all four cylinders. This lambda sensor was the primary way to adjust the rate of
secondary air flow. The secondary air rate was typically increased until the lambda

meter gave the desired value for lambda measured in the exhaust.

Exhaust gas was analyzed using a Horiba MEXA-584L Non-Dispersive Infrared
(NDIR) analyzer. This instrument measures exhaust gas on a dry basis so the sample
was dehumidified using a condenser and desiccant. The analyzer provided measures of
C02, CO, and hydrocarbon concentrations. The exhaust gas measured by the Horiba
NDIR was not diluted before measurement. A Li-Cor LI-820 NDIR CO2 analyzer was
used to measure the CO2 concentration in the diluted exhaust sample that was drawn
through the particle sampling instrument. The dilution ratio for the particle sample
could be determined by comparing the CO2 concentrations given by the two NDIR

instruments.
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2.1.2 Secondary Air Injection System

A secondary air injection system was designed and installed on the engine.
Secondary air was supplied at each of the exhaust valves (eight in total). The system
used a cylinder of compressed breathing air and a regulator to supply air at a steady
pressure. The regulator fed air to a manifold that split the flow of air into eight tubes.
Each tube led to a 0.023 inch orifice that regulated the flow of air into the exhaust. The
pressure differential across the orifice was sufficient to maintain choked flow for all
SAI rates. At the exit of each orifice, air entered 1/8" inch stainless steel tubing that
directed the air into each exhaust port. Each of these 1/8" inch tubes entered the
exhaust manifold through a Swagelok tube fitting in the exhaust runners. The tubes
were sized and bent as to place the outlet as close the back of the exhaust valve as
possible. This is important to facilitate mixing of the exhaust gas and the secondary air
in the exhaust port. The location of air injection has been found to have a sizeable
effect on SAI performance [25]. To promote mixing and prevent the stoppage of air
flow during blowdown, the ends of the tubes were capped and drilled perpendicularly.

The layout of the injection tubes relative to the exhaust valve is show in Figure 2-3.

AirIn
Indiidual Tube for Each Valve

§
i
\ %
3 )
PO

§

\\‘;\E\\ .
/

\\a\. ™ Air Injection Point

Figure 2-3: Secondary Air Injection Tube Location [26]
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2.1.3 Particle Measurement

Particle emissions were measured using a TSI Model 3934 Scanning Mobility
Particle Sizer (SMPS). This system is made up of a Model 3071A Electrostatic
Classifier and a Model 3010 Condensation Particle Counter (CDC). The Electrostatic
Classifier separates the particles by only allowing particles of a particular size to pass
on to the CDC. The CDC then counts the particles within a particular size bin. Working
in conjunction, the instruments measure the number of particles of a particular size and
produce a particle distribution plot. Each measurement takes 90 seconds because of the
time required to sweep the entire particle size distribution. For this reason, particle
emission measurements using the SMPS can only be done at steady-state engine
operation. The sample for particle measurement was drawn from the exhaust system
about one meter downstream of the turbo. This was chosen to allow adequate time for
any SAI oxidation to take place before the sample was drawn. It also allowed for the
exhaust gas from each of the four cylinders and the secondary air to become well mixed
before measurement. Cartridge heaters were used to heat the sample lines to prevent

particle nucleation.

Before an exhaust sample may be analyzed, it must be diluted. This is necessary
to ensure that the particle concentration is low enough that the SMPS can accurately
measure it. Dilution also serves to reduce the hydrocarbon concentration and therefore
reduce the possibility for nucleation of volatile particles. The dilution is achieved by
mixing the exhaust sample with nitrogen. A dilution system that was designed for a
previous project was used in this study. It consisted of a heated dilution block and a
dilution tunnel. A diagram of the dilution block can be seen in Figure 2-4. The orifice
between the exhaust flow and the sample chamber isolates pressure oscillations in the
exhaust system. The sample chamber is maintained at atmospheric pressure. The
measurement sample is drawn by a slight vacuum from the sample chamber into the
dilution tunnel. Nitrogen is added to the sample within the dilution tunnel. The block
and the sample tube are both heated to about 200 C to prevent nucleation of particles by

condensation of hydrocarbons.
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Figure 2-4: Dilution block diagram [27]

2.2 Experimental Conditions and Procedure

2.2.1 Test Conditions

All the data used in this study were obtained from tests performed using the
previously described GM LNF engine. The tests were performed at steady state engine
operation as necessitated by the length (90 seconds) of the SMPS particle measurement
sweep. Efforts were made to simulate cold-idle conditions because SAI is most

commonly used during engine cold-start. The efforts to simulate cold-idle pertained
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mainly to engine speed, engine load, and fluid temperatures. To facilitate oxidation
with secondary air, it was necessary to run with very late spark timing and highly
enriched fuel mixtures. The engine conditions for cold-idle were defined by a previous

student along with the industrial sponsors. These conditions are summarized below.

Engine Parameter Value

Engine Speed [rpm] 1200
NIMEP [bar] 2
External EGR [%] 0
Coolant Temperature [C] 20
Oil Temperature [C] 20
Fuel Injection Timing [CAD aTDC] 80
Fuel Injection Pressure [bar] 50

Table 2-2: Cold-idle operating conditions

The operating principle of SAI includes running the engine with an enriched
mixture to provide combustible products in the exhaust. Late spark timing is used to
increase exhaust temperature. High exhaust temperatures help to enhance oxidation
reactions with the injected secondary air. In this study, four different combinations of
engine enrichment and spark retardation were tested. These conditions were selected
after reviewing a previous student’s work regarding hydrocarbon emissions with SAI
Spark timings of 10 and 15 CAD aTDC were both tested at engine enrichment levels of
engine lambda 0.8 and 0.9. This gave four engine condition combinations. For each of
these test conditions, data were recorded without any secondary air to provide the
baseline measures of exhaust products and particle concentrations. In subsequent tests,
the fuel injection duration and throttle position were maintained the same as the
baseline test, but secondary air was injected in varying amounts. In this way, the effects

of varying SAI amounts could be quantified and compared to the baseline test. SAI
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rates for all engine conditions were swept to produce lambda measurements in the

exhaust of 0.95, 1.0, 1.05, 1.1, and 1.2.

As stated before, the use of the SMPS to measure particles required all tests to be
performed under steady-state conditions. Engine operation was maintained constant and
engine conditions were allowed to reach steady-state before measurement. This helped
to ensure that particle production in the cylinders was steady for all tests at varying SAI
rates. The other aspect deserving consideration was allowing the conditions in the
exhaust system to reach steady-state before beginning the particle measurement. This
was a more time consuming process for two reasons. First, exhaust stream temperatures
were largely different for conditions with and without secondary air. Second, the
exhaust system had a high thermal inertia, especially due to the presence of the
turbocharger. It was observed in early tests that after SAI began, about fifteen minutes
were required before the exhaust system and the exhaust stream temperatures reached
steady-state. Due to the dependence of oxidation in the exhaust on the exhaust stream

temperature, adequate time to achieve steady-state was an important consideration.

The SMPS system was setup for this study according to the operation manual
[28]. This entailed selecting the correct flow rates of exhaust sample and excess air for
the particle sizes and concentrations to be measured. The flow rate of nitrogen for

diluting the sample was also closely regulated by a mass flow controller.

2.2.2 Data Collection

Data were collected for two main purposes. The first was to record data on the
engine operation and the second was to record the particle measurements. Data from the
engine was collected using a National Instruments data acquisition system (DAQ) and
National Instruments LabView software. The data collected from the engine included,
among additional things, cylinder pressure data, fluid temperatures, all pressure
transducer data, engine speed and load, exhaust lambda, and exhaust system
temperatures. The National Instruments DAQ also recorded the output of the NDIR

exhaust analyzer. This provided undiluted measurements of CO and CO2 in the exhaust
28



gas. The engine data was collected for a period of 100 cycles. Data was taken at the

beginning of each SMPS scan.

After the engine and exhaust temperatures reached steady-state, the
measurements for a particular test could begin. For particle measurements this meant
recording three scans of the particle spectrum. The particle spectrum was limited to
particle sizes in the range of 23-350 nanometers. Each scan included an upward scan
(60 seconds) and a downward scan (30 seconds). The particle measurements were
acquired and recorded using the software provided by TSI with the SMPS. The total
measurement process took 4.5 minutes. Engine data was collected at the beginning of
each scan to record any potential changes in operation conditions over the 4.5 minute
period. The additional Li-Cor NDIR CO2 analyzer was used to measure the CO2
concentration in the diluted exhaust sample that was fed into the SMPS. By comparing
the CO2 concentration in the diluted sample to the CO2 concentration in the undiluted

sample (from the Horiba NDIR), the nitrogen dilution ratio could be determined.

Exhaust wall temperatures were recorded in addition to the exhaust stream
temperatures taken by thermocouples described in section 2.1.1. The temperature of the
outer surface of the exhaust system at various locations was used to help quantify
exhaust heat release. The method used for doing this is further described in section
2.3.2. Several attempts were made to attach surface measurement thermocouples to the
exhaust system surface. This proved to be unsuccessful due to the failure of the high
temperature cement to securely hold the thermocouple to the exhaust. Instead, a hand-
held, infrared thermometer was used to measure the surface temperature at five
locations along the exhaust system. These locations are shown on a diagram of the
exhaust system in Figure 2-5. The measurements were manually recorded during
testing. The exhaust system was marked at the location of the measurement to help

ensure the temperature measurement was taken repeatedly at the same location.
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Figure 2-5: Exhaust thermocouple and surface temperature measurement locations

2.2.3 Data Processing
Post-processing of the engine data collected with National Instruments LabView
software was accomplished using a Matlab program developed by a previous student.

This program is described further in Kevin Cedrone’s PhD thesis [29].

Much of the processing of the SMPS particle data was done by the TSI software.
The recorded particle data could be exported in a variety of formats including particle
distributions, cumulative particle number, and cumulative particle volume. All three
forms of particle measurement are present in this work. Of note are the units of
measurement for the particle distributions. The particle concentrations are measured for
particular bins of particle sizes. Each bin represents a range of particle sizes. For the

particle distribution plots, the particle concentration is normalized by the size of the
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bin. This makes it possible to compare particle data from two different sampling
instruments that may use different bin sizes. Additional information regarding the

normalization and units for particle concentration are provided by TSI [30].

2.3 Analysis Methods

2.3.1 Particle Concentration Dilution Adjustment

It was necessary to dilute the exhaust sample with nitrogen so it could be
accurately analyzed by the SMPS. This lowered the particle concentration in the sample
to a level that would not saturate the SMPS. It also prevented nucleation of new
particles by the condensation of volatile hydrocarbons as the sample cooled. The act of
diluting the sample also made it necessary to adjust the measured particle
concentrations. The actual concentration of particles in the exhaust was found by
multiplying the measured concentration by the dilution ratio. As was discussed
previously, the dilution ratio was given by the ratio of CO2 concentration in the
undiluted and diluted exhaust samples. Adjusting for the dilution by nitrogen addition

was a necessary part of analyzing the particle data.

The addition of secondary air diluted the exhaust flow in a similar fashion as the
nitrogen dilution. Secondary air was introduced into the exhaust flow with the intention
of providing the oxygen needed to oxidize the combustible products of the enriched fuel
mixture. This additional air diluted the exhaust gas and effectively reduced the
concentration of particulate matter. The intent of the tests was to measure the particle
reduction from the baseline case, which used zero secondary air. For this reason, the
particle concentrations for test cases with SAI were adjusted for the diluting effect of
the additional air. The dilution ratio due to SAI was calculated using the equation
below. The mass of fuel injected was constant for tests at given engine conditions, so
the equation effectively gives the ratio of mass flow of air through the exhaust system.

SAI dilution was most prominent for the cases with engine lambda of 0.8 and exhaust
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lambda of 1.2. For those cases, the SAI dilution ratio was 1.46:1. The typical dilution

ratio for nitrogen addition was 70:1.

A
AExhaust (f)s +1

A
Ano SAI(T;")S +1

SAI Dilution Ratio =

The density of the exhaust flow at the sampling location was another important
consideration. Particle concentrations are measured as the number of particles in a
given volume of exhaust gas. Therefore, as the density of the exhaust sample changes,
so would the apparent concentration of particles. For instance, if a particular exhaust
sample was heated, the density would decrease, the volume would increase, but the
number of particles would remain the same. This would appear to cause a decrease in
particle concentration. Exhaust temperatures at the sampling location varied greatly due
to oxidation within the exhaust system under conditions for SAI. For this reason, the
particle concentration measurements were normalized using a density normalization
factor. The normalization factor was calculated with the equation below. The exhaust
pressure and the temperature at the ‘Post Turbo 3° thermocouple location were used to
account for density changes due to differences in temperature or pressure. They were
normalized to reference conditions of 300 K and 1 bar. This affected the absolute
particle concentrations but enabled the comparison of relative particle reductions with
SAI regardless of large temperature differences. The temperature measurement at the
Post Turbo 3 location was used because it was located about 10 cm upstream of the

sampling location.

Tpost—cat 1 bar
300K Pexhaust

Density Normalization Factor =

2.3.2 Ocxidation Estimate
Part of the intent of this study was to investigate the evolution of particles and

the oxidation of combustible products with SAIL. The particle reductions were measured
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directly but other factors were not easily measured. The amount of heat released
throughout the exhaust system could not be measured directly but could be estimated by
analyzing the measured exhaust temperatures. Also, the location of heat release and
particle oxidation in the exhaust system was of interest but also very difficult to
measure directly. Instead, the available data for exhaust stream temperature, exhaust
wall temperature, and exhaust gas composition were used to estimate the amount and

location of heat release.

Quantifying the amount of enthalpy contained in the combustible exhaust
products leaving the cylinder was important in determining heat release in the exhaust.
The three main components of the exhaust that contributed to the chemical enthalpy in
the mix were CO, H2, and hydrocarbons (HC). These were all present due to the
enriched engine operation (lambda = 0.8 or 0.9). An equilibrium exhaust gas
composition calculator written in Matlab was used to determine the levels of CO and
H2 in the exhaust. Equilibrium calculations could not provide a reliable measure for
HC, so instead a series of tests were performed. The tests included running the engine
and using a Cambustion HFR-400 Fast FID to measure HC concentrations. This
instrument measures HC concentrations by detecting ion production from the
combustion of HC in an exhaust sample. A further description of the operation principle
is available from Cambustion [31]. The tests were conducted with the same operating
conditions as the particle measurement tests. The replicated conditions included the
thermal conditions, engine speed, engine load, and spark timing (both 10 and 15 CAD
aTDC). Tests were conducted at engine enrichment levels of both lambda 0.8 and 0.9,
in addition to several other intermediate enrichment levels. This enabled general trends
to be observed and for the HC concentrations to be quantified. The resulting plot is

below.
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Figure 2-6: Exhaust hydrocarbon concentration for particle measurement tests

The results of the hydrocarbon measurements and the equilibrium calculation

were used to estimate the chemical enthalpy content of the exhaust flow for the tests

including SAI The table below specifies the total chemical enthalpy of the exhaust flow

and the percentage contributions of CO, H2, and HC for the specified engine operation

conditions.
Engine 'Isil;?i];lkg Exhaust Enthalpy Percent Enthalpy Contribution
Lambda [aTDC] [kJ/kg exhaust] co H2 HC
0.9 10 520 63% 16% 21%
0.9 15 510 64% 17% 19%
0.8 10 1070 65% 20% 15%
0.8 15 1050 66% 21% - 14%

Table 2-3: Exhaust chemical enthalpy summary
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It was found that the chemical enthalpy in the exhaust flow was primarily due to
the presence of CO for all tests. CO was also easily measured using the Horiba NDIR.
For these reasons, CO was used as an indicator of overall chemical enthalpy in the
exhaust. Therefore, the measured reduction of CO could estimate the overall fraction of
chemical enthalpy released in the exhaust system. In tests with secondary air, the CO
concentrations were adjusted for the dilution effect of SAI before they were used to
determine oxidation amounts. The term ‘Oxidation Percent’ will be used in this study
and it represents the portion of the exhaust chemical enthalpy that was released by
oxidation within the exhaust system. It was calculated as the percent reduction of CO
concentration in the SAI tests as compared to the baseline test without SAI. The

equation used is shown below.

X . .
CO Reduction = 100% x (1 __ CO; with 5,41)

xCO; zero SAI

The total fraction of available chemical enthalpy as represented by the oxidation
percent was a useful way to measure the effectiveness of SAI in different flow rates and
at different engine conditions. It was further desired to investigate the location within
the exhaust system that oxidation was occurring. To achieve this, the exhaust system
was outfitted with five thermocouples and five measurements of the exhaust system
outer wall were taken manually during every test. These temperature measurements
were used to perform an energy balance on four discrete zones in the exhaust system.
Each of these zones was defined by a portion of exhaust system where there was a
thermocouple available to measure the exhaust gas temperature at the entry and exit of
the zone. The presence of five exhaust gas thermocouples therefore allowed the energy
balance to be performed on four zones in the exhaust. These were numbered one
through four. A fifth zone, Zone 0, was determined to be the portion of the exhaust
system upstream of the first thermocouple location. This zone consisted of mainly the
exhaust port and only a small section of exhaust manifold runner. The lack of a
thermocouple measurement of exhaust temperature at the entry of the zone eliminated

the ability to perform an energy balance on Zone 0. Instead, the portion of oxidation
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that occurred in Zone 0 was defined to be the total oxidation percent as calculated using
CO reduction, minus the total oxidation of Zones 1-4 as calculated using an energy
balance. The location of the zones, exhaust gas thermocouples, and exhaust surface

measurement locations are shown in Figure 2-7, below.

Zone 2

@® = Exhaust stream S
thermocouple
@® = Exhaust wall IR
measurement

Figure 2-7: Oxidation analysis exhaust zone locations

For analysis purposes, a control volume was drawn around each of the four
zones. A diagram of the control volume is shown in Figure 2-8. The diagram shows
energy flows into and out of the control volume due to the flow of hot exhaust gases
through the zone. Qposs is the term that represents the rate of heat energy lost to the
ambient through the walls of the zone. The rate of energy generation in the zone by the

release of chemical enthalpy is represented by Qein-
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Figure 2-8: Control volume for oxidation estimate in Zones 1-4

The energy balance equation for the various heat flows is below. Qggy is the
value of interest because it gives the amount of heat that was produced by oxidizing

exhaust products within the zone.

Qcen = Quoss + Hour — Hiy

H;y and Hyyr are the enthalpy flows in and out of the control volume. The values
for these terms are given by the expressions below. Q,qss is estimated by using the
convective heat transfer coefficient (h), the area of the exposed section of exhaust
system wall (A), and the difference in temperature of the exhaust gas and the wall. The
gas temperature was taken to be the average reading from the thermocouple at the
entrance and exit of the zone (T,y). The inner wall temperature (Ty 4;,) was assumed to
be equal to the outer wall temperature that was measured using an IR thermometer. This
was valid because the temperature difference between the inner and outer wall surfaces
was much smaller than the difference between the gas temperature and the wall

temperature.

Qoss = h A(Tyve — Twarr)

The energy flows into and out of the zone due to the flow of exhaust gas are
given by the specific heat of the exhaust gas and the gas temperature. The specific heat
(C,) was calculated as a mass weighted average of the specific heat of stoichiometric

exhaust products [9] and excess air due to SAIL. The temperature of gases entering the
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zone (T;y) and exiting the zone (Tpyr) were given by the exhaust gas thermocouples at

the boundaries of each zone.
HIN - HOUT = mEXHCp(TIN — Tour)

The expressions above can be used to find Qggy by inputting the measured
temperatures into the given equations. For the purposes of this study it was most useful
to express the heat released in each zone as a fractional portion of the total chemical

enthalpy contained in the exhaust products (Qcygpy). This is shown in the equation
below. Values for qcypm [%] for the required engine operating conditions are given in

Table 2-3.

' hA(Taye — T — thgxy Cp(Tiy = T,
Fraction of heat release per zone = .QGEN = (Tave ~ Twars) exi Cp (Tin ~ Tour)

CHEM Mexn9cHEM

A value for the collective term for convective heat transfer coefficient and wall
surface area (hA) was needed to use the equation above. This term could be calibrated
from the data for baseline tests without SAI In these tests no secondary air was used so
the chemical heat release (Qggy) in each zone was zero. This allowed for the simplified
equation shown below. The equation enabled the calculation of (hA) for each zone by

using the measured temperatures from the baseline, zero SAI tests.

Qross = Exv — Eour

MexuCo(Tin — Tour)

(TAVG - TWALL)

hA =

With the above equations, the oxidation estimate could be performed. The results
of this estimate gave the amount of heat released in each zone as a fraction of the
engine-out chemical enthalpy. For Zones 1-4, fraction of heat released was estimated
using an energy balance. As discussed earlier in this section, the total fraction of
exhaust chemical enthalpy that was released was estimated by the reduction of CO

concentration. This procedure implies that the extent of HC and H2 oxidation are the
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same as that of CO. An estimate for the heat released in Zone 0 was made by
subtracting the sum of the heat release fractions for Zones 1-4 from the total heat
release. The method outlined in this section helped to identify where in the exhaust
system the bulk of the oxidation of exhaust products occurred. The results of this

analysis will be discussed in depth later in this study.
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Chapter 3: Experimental Results

The experiments performed in this study have been outlined in previous sections.
The results of the experiments will be presented here. Results are presented in three
main sections: exhaust stream temperature analysis, oxidation analysis, and particle

emissions effects.

3.1 Exhaust Stream Temperature

Analysis of the exhaust stream temperature was an important step in determining
the effects of SAI on processes occurring in the exhaust system. The temperatures were
measured by k-type thermocouples at five locations throughout the exhaust stream. The
locations of these measurements are illustrated in Figure 2-1and Figure 2-5. The
temperatures measured at these locations were used to determine the temperature
increases associated with SAI oxidation. The temperatures were also instrumental in
performing the oxidation estimate, the results of which will be presented in a following
section. The results of the temperature measurement and oxidation analysis quantified

the amount and location of oxidation due to SAI within the exhaust system.

The temperature measurements are presented in four plots, one for each engine
operating condition. These conditions included spark timings of 10 and 15 degrees
aTDC at each of the two enrichment levels. The engine enrichment levels were engine
lambda of 0.8 and 0.9. At each of these engine conditions, a baseline test was
performed for which no secondary air was injected. This allowed for baseline exhaust
stream temperatures to be established. These tests also gave the baseline engine-out PM
emissions for each operating condition. For the subsequent tests, SAI was used in
increasing amounts to produce exhaust lambda values of 0.95, 1.0, 1.05, 1.1, and 1.2.
The following plots illustrate the temperature at the five thermocouple locations for the

baseline (no SAI) and each of the five SAI rates.
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3.1.1 Engine Lambda = 0.9, Spark Timing = 10 aTDC
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Figure 3-1: Exhaust stream temperature: Engine lambda=0.9, Spark=10 aTDC

The results for the spark=10, engine lambda=0.9 tests gave the lowest

temperatures for any of the tested engine conditions. This was a result of it being the

earliest spark timing and the highest engine lambda. The less enriched engine mixture

produced a lower concentration of combustible exhaust products. Therefore, there was

reduced enthalpy release in the exhaust. The results did show evidence of measureable

oxidation in the exhaust by the increase in exhaust stream temperature. This increase in

exhaust stream temperature was seen at all SAI rates. Temperatures were highest at the

port thermocouple and then decreased along the length of the exhaust system due to
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heat loss. In cases with SAI, a portion of this heat loss was offset by the heat released
from oxidizing exhaust products. The highest temperature increases were observed at
the three downstream thermocouple locations (Post Turbo 1, Post Turbo 2, Post Turbo
3). At these locations, the largest temperature increases vs. the baseline case occurred

with exhaust lambda = 1.05.

3.1.2 Engine Lambda = 0.9, Spark Timing = 15 aTDC

Exhaust Temperatures with Varying SAI Rates
Engine Lambda = 0.9, Spark =15 aTDC
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Figure 3-2: Exhaust stream temperature: Engine lambda=0.9, Spark=15 aTDC
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The second engine condition retained the same enrichment level of engine
lambda = 0.9, but spark timing was retarded to 15 degrees aTDC. It was expected that
this case would produce higher temperatures due to the higher cylinder-out
temperatures with later spark timing. The measured temperatures supported this and a
typical increase of 50 °C was observed at the port thermocouple for all SAI rates. The
temperatures in this case were also highest at the exhaust port and decreased
downstream. Increased temperatures as compared to the spark timing = 10 case were
apparent throughout the exhaust system. These increases were larger at the downstream
locations. At the three downstream locations, peak temperatures for the later spark tests
were about 65 °C higher than the peak temperatures in the earlier spark tests. At the
port, the difference was about 50°C. This suggested that the higher temperature
increases weren’t only due to later spark, but were also a result of more complete
oxidation. Similar to the earlier spark case, the highest temperature increases over the

baseline test were again observed for the exhaust lambda = 1.05 case.

3.1.3 Engine Lambda = 0.8, Spark Timing = 10 aTDC

The second group of engine conditions tested utilized a higher enrichment level
of engine lambda = 0.8. In these tests, there was a higher concentration of combustible
products and more than double the exhaust enthalpy content as compared to the 0.9
tests. A summary of exhaust chemical enthalpy for the four test conditions is provided
in Table 2-3. Much higher temperatures were observed in this test as compared to the
tests at engine lambda = 0.9. This is with the exception of the Port thermocouple
location. The higher enrichment level reduced the portion of fuel energy that could be
released within the cylinder due to insufficient oxygen. Port thermocouple temperatures
in this test were the lowest of any of the tested engine conditions. The effects of the
lower cylinder-out temperature were negated by the higher energy release within the
exhaust. Temperatures for the cases with SAI peaked at the Post Turbo 1 location and
were typically 50-75°C higher than at the Port location. Very large temperature

increases compared to the baseline were seen at the three downstream locations for all
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SAI rates. The increases were highest at the Post Turbo 2 location for exhaust lambda
of 1.0 and 1.05. These tests gave a temperature increase of about 270°C. The very high
temperature increases with SAI as compared to the baseline indicate a high amount of

energy release within the exhaust system from the oxidation of exhaust products.

Exhaust Temperatures with Varying SAI Rates
Engine Lambda = 0.8, Spark =10 aTDC
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Figure 3-3: Exhaust stream temperature: Engine lambda=0.8, Spark=10 aTDC
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3.1.4 Engine Lambda = 0.8, Spark Timing = 15 aTDC

Exhaust Temperatures with Varying SAI Rates
Engine Lambda = 0.8, Spark =15 aTDC
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Figure 3-4: Exhaust stream temperature: Engine lambda=0.8, Spark=15 aTDC

The final set of engine conditions that were tested were at an engine lambda of
0.8 and a spark timing of 15 aTDC. Perhaps unsurprisingly, this test produced the
highest recorded temperatures among all the engine conditions that were tested.
Temperatures at the Port thermocouple location were lower than those for the engine
lambda = 0.9 test with the same spark timing. This again is attributed to less heat
release within the cylinder due to insufficient oxygen. As with the other engine lambda
= (.8 test, large temperature increases were achieved with SAT in all amounts at the

Post Turbo 1, Post Turbo 2, and Post Turbo 3 thermocouple locations. For these
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locations, the exhaust temperature was at least 210°C higher than the baseline with
exhaust lambdas of 1.0 and 1.05. The maximum exhaust temperature increase was
260°C at the Post Turbo 2 location and an exhaust lambda of 1.0. Peak temperatures at
cach location were typically achieved with an exhaust lambda of 1.0. Although, exhaust

lambda of 1.05 produced similar peak temperatures.

3.2 Oxidation Analysis

The exhaust stream temperature measurements offered some insight into the
effectiveness of SAI and the oxidation of combustible exhaust products. It was still
desired to estimate the amount of heat released within the exhaust system. Furthermore,
it was useful to know the location within the exhaust system where oxidation was
occurring. To achieve these goals, an oxidation analysis was performed. This included
estimating the chemical enthalpy contained in the exhaust flow leaving the cylinder.
Carbon monoxide (CO) reduction was used to estimate the reduction of all combustible
exhaust products. This gave an estimate of total chemical enthalpy released within the
exhaust system. Finally, an energy balance was performed on discrete zones of the
exhaust system. Together, these methods produced an estimate of the amount of heat
released in five zones within the exhaust system. A more thorough description of the

oxidation analysis has been provided in section 2.3.2

3.2.1 Total Oxidation Estimate

The total amount of oxidation that occurred in the exhaust system was estimated
by calculating the reduction of CO. This analysis assumes that hydrogen and
hydrocarbon exhaust concentrations are reduced in the same proportion as CO. CO
contributed about two-thirds of the exhaust chemical enthalpy. A summary of the CO

reduction as a percentage for all tests is presented in Table 3-1.
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CO Reduction [%]
Exhaust Lambda
Iﬂ'ﬁ‘:‘eﬂ S[‘:;"gkaTT‘gg;g 0.95 1 1.05 1.1 1.2
0.9 10 172 448 753 81.0 84.6
0.9 15 21.5 792 96.4 95.9 94.7
0.8 10 74.4 98.5 99.4 98.0 93.5
0.8 15 75.4 97.1 99.8 99.6 98.5

3.2.2 Cumulative Oxidation: Engine Lambda=0.9, Spark=10 aTDC

Oxidation Percent [%]

Table 3-1: CO reduction percent for all tests

Cumulative Oxidation Percent by Zone
Engine Lambda = 0.9, Spark =10

Zone Number

-3-0.95

@-1.05
=-1.1
@-1.2

Figure 3-5: Cumulative oxidation by zone for engine lambda=0.9, spark=10aTDC
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The first engine conditions that were tested included an engine enrichment level of
lambda = 0.9 and a spark timing of 10 degrees aTDC. As seen in the exhaust stream
analysis, these conditions yielded the lowest exhaust temperatures. Table 3-1also shows
that these conditions gave the lowest total CO reduction (oxidation percent). The above
plot offers some insight into why total CO reduction may have been lowest for these
conditions. As seen in this plot, and the plots that will follow, only a small portion of
the total oxidation occurred in Zones 3 or 4. The most significant oxidation took place
in Zone 0 for all tests. This is due to the conditions required for robust oxidation with
SAI. Combustible exhaust products, temperatures high enough to initiate oxidation, and
fast entrainment of oxygen from secondary air are all important for SAI oxidation. Fast
mixing of exhaust products and secondary air is necessary to provide sufficient oxygen
to the reaction before too much heat is lost to the exhaust system. If excessive heat loss
occurs, temperatures become too low to initiate the reaction. The engine conditions in
this test were at the lower of the two enrichment levels and the earlier of the two spark
timings. The lower concentration of combustible products and the lower engine out
temperatures increased the significance of fast mixing for robust oxidation. The data
shows that oxidation in Zone 0 increased as the secondary air rate increased. This was
an effect of having more air in the exhaust port at blowdown and therefore faster
mixing of exhaust and secondary air. It was also estimated that only a small portion of
oxidation occurred in Zones 1-4. Therefore, the trends seen for Zone 0 reflected the

trends seen for total CO reduction.

3.2.3 Cumulative Oxidation: Engine Lambda=0.9, Spark=15 aTDC

The second set of engine conditions tested were for engine lambda = 0.9 and spark
timing = 15 degrees aTDC. These conditions provided approximately the same
concentration of combustible exhaust products as the previous case, but the exhaust
temperature was higher due to later spark timing. This helped to initiate oxidation
within the exhaust port and the effects are reflected in the oxidation data. Table
3-1shows large increases in CO reduction for all secondary air rates as compared to the

previous engine condition. For the three highest air rates, CO reduction was about 95%.
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Oxidation within Zone 0 again constituted a large majority of the total oxidation. Zone
0 oxidation amounts were observed to increase as the secondary air rate increased. This
was due to the effect of better mixing within the exhaust port when a higher amount of
secondary air was being injected. For the three highest secondary air rates (exhaust
lambda = 1.05, 1.1, and 1.2), the total CO reduction was quite similar. These tests
showed a trend of increasing Zone 0 oxidation with increasing air rate. The remaining
oxidation was primarily accounted for in Zone 2. In Zone 2, exhaust lambda = 1.05
yielded the highest oxidation amount and oxidation decreased with increasing air rate.
These air rates all yielded a high overall CO reduction, but oxidation occurred further
downstream as air rate decreased. This was again an effect of faster mixing within the
exhaust port as air rate increased. This caused a higher portion of the total oxidation to

occur further upstream.

Cumulative Oxidation Percent by Zone
Engine Lambda = 0.9, Spark = 15
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Figure 3-6: Cumulative oxidation by zone for engine lambda=0.9, spark=15 aTDC
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3.2.4 Cumulative Oxidation: Exhaust Lambda=0.8, Spark=10

Cumulative Oxidation Percent by Zone
Engine Lambda = 0.8, Spark = 10
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Figure 3-7: Cumulative oxidation by zone for engine lambda=0.8, spark=10 aTDC

In this test, the engine enrichment level was lambda = 0.8. This yielded about
twice the exhaust chemical enthalpy as for the engine lambda = 0.9 tests. Therefore, the
higher enrichment level tests displayed a higher enthalpy release per mass of exhaust,
which led to much higher CO reductions. Table 3-1shows that CO reductions were
typically much higher at a given exhaust lambda for the higher enrichment level tests as
compared to the lower enrichment level tests. This test showed the usual trend that the
oxidation in Zone 0 increased as SAI rate increased. This was due to the faster mixing
in the exhaust port for tests with higher air rates. An interesting result from this engine

condition was that CO reduction peaked for exhaust lambda = 1.05 and declined for the
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higher secondary air rates. This was caused by the excess air that did not participate in
the reaction but acted as a diluent in the exhaust. This creates a trade-off between using
higher air rates to achieve fast mixing in the port or staying closer to stoichiometric
exhaust mixtures to limit the dilution effect. This trade-off has been previously noted
by Hernandez et al. [32]. For the cases near stoichiometric (exhaust lambda = 1.0 and
1.05), a high overall CO reduction was still achieved, but the oxidation occurred further
downstream than for exhaust lambda = 1.1 and 1.2. This is illustrated by the oxidation

amounts in Zone 2 for these tests.

3.2.5 Cumulative Oxidation: Engine Lambda=0.8, Spark=15 aTDC

Cumulative Oxidation Percent by Zone
Engine Lambda = 0.8, Spark = 15

100

90

80
< 70
=
g 60 /-0.95
& 50 m— A1
=
.E ) i I R S o S -@-1.05
;‘é - -0-1.1
o -@-1.2

20 l__. ST o g — e e S

10 B — W s . e =

0 T y e
0 1 2 3 4

Zone Number

Figure 3-8: Cumulative oxidation by zone for engine lambda=0.8, spark=15 aTDC
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It was expected that the final engine conditions tested would produce the highest
total CO reductions. This case was run with engine lambda = 0.8 and spark timing = 15
degrees aTDC. The temperature data showed that these engine conditions yielded the
highest exhaust stream temperatures. It is seen in Table 3-1that this test typically
produced the highest CO reduction for a given exhaust lambda. Exhaust oxidation was
most complete at this engine condition because of the high concentration of
combustible products and the late spark timing. The trends seen in this test are very
similar to those observed in the previous test. Oxidation in Zone 0 represented the
majority of the total oxidation. Zone 0 oxidation increased as the SAI rate increased.
Also, similar to the previous test, total CO reduction peaked for exhaust lambda = 1.05
and then decreased as SAI rate was increased. Total oxidation for the tests with exhaust
lambda = 1.0 or higher were all quite similar. It is seen that as SAI rate increased,
oxidation occurred further upstream. This was also observed in the previous test. The
effects of faster exhaust port mixing and increased dilution from excess air with higher

air rates were similar for both engine lambda = 0.8 tests.

3.3 Particulate Matter Emissions

The focus of this study was to investigate the effects of secondary air injection on
particulate matter emissions. This section will present the PM emissions test results.
The results will first be presented as particle distributions. The distribution plots
illustrate the particle concentrations as a function of particle size. The plot lines are
labeled according to their respective exhaust lambda. The 0.8 and 0.9 lines represent the
engine out PM emissions for the cases without SAI. All of the particle measurements
have been adjusted for the dilution effect of SAI. This is further detailed in section
2.3.1. Particle distributions are presented for each of the four engine running
conditions. Later plots will show total particle number concentration and total particle

volume concentration.
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3.3.1 Particle Distribution: Engine Lambda=0.9, Spark=10 aTDC
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Figure 3-9: Particle distribution for engine lambda=0.9, spark=10 aTDC

The particle distribution for engine lambda = 0.9 and spark timing = 10 degrees
aTDC is shown in Figure 3-9. It clearly shows that particle emissions were reduced
across the entire spectrum for all secondary air rates. PM emissions decreased as SAI
rate increased. The reductions were largest for particles in the range of 23-100 nm and
reductions decreased at larger particle sizes. The particle distributions retain their shape
for the various SAI rates but are flattened slightly as the particle concentrations
decrease. The lowest PM emissions were observed for the test with exhaust lambda =

1.2,
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3.3.2 Particle Distribution: Engine Lambda=0.9, Spark=15 aTDC
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Figure 3-10: Particle distribution for engine lambda=0.9, spark=15 aTDC

In the second test, engine enrichment level stayed at engine lambda = 0.9, but
spark timing was retarded to 15 degrees aTDC. The same basic trends are seen in this
test as for the previous test. Particle concentrations for all particle sizes are reduced as
SAI rate increases. Particle reductions are larger at smaller particle sizes and generally
decrease as particle size increases. The basic distribution shape is the same for all
exhaust lambda test, but is slightly flattened at higher SAI rates. There is a noticeable
difference in baseline (no SAI) particle distributions between this test and the previous
one. The shape of the baseline distributions look quite similar but particle
concentrations for the later spark timing test are about 1.5 times greater than for the
earlier spark timing. This is likely due to the effects of spark timing on PM formation as
was discussed in the introduction. As combustion quality deteriorates with retarding
spark, PM emissions are expected to increase. The lowest particle distribution was

achieved with exhaust lambda = 1.2 for both cases. The traces corresponding to the
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lowest PM emissions look quite similar in both shape and concentration level for both

engine conditions.

3.3.3 Particle Distribution: Engine Lambda=0.8, Spark=10 aTDC
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Figure 3-11: Particle distribution for engine lambda=0.8, spark=10 aTDC

Large particle reductions were also achieved in the higher engine enrichment
tests. The above plot shows the results for the test at engine lambda = 0.8 and spark
timing = 10 degrees aTDC. In this test, sizeable particle reductions were achieved for
all particle sizes and all exhaust lambda values. The shape of the baseline curve was
noticeably different for this test compared to the lower engine enrichment tests.
Concentrations of small particles (23-60 nm) were lower at this test condition as
compared to the previous test at the same spark timing and engine lambda = 0.9.

Concentrations of mid-sized particles were similar for both tests. The baseline for this
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test shows a peak concentration in the mid-range and reduced concentrations for larger

and smaller particles.

At this test condition, the lowest particle concentrations were measured for
exhaust lambda = 1.05. At higher SAI rates, particle concentrations began to rise again.
The exhaust temperature and CO reduction at this engine condition were also
maximums at exhaust lambda = 1.05. This was explained as being the result of the
dilution effect of excess air present at higher SAI rates. This phenomenon is discussed

more thoroughly later in the study.

3.3.4 Particle Distribution: Engine Lambda=0.8, Spark=15 aTDC
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Figure 3-12: Particle distribution for engine lambda=0.8, spark=15 aTDC

Particle distributions for the final test are shown above. The engine conditions for

this test were engine lambda = 0.8 and spark timing = 15 degrees aTDC. The shape of

56



the distributions for this test were quite similar to those for the previous test at spark
timing = 10 degrees aTDC. The peak particle concentration was about 1.5 times higher
in this case. As with the engine lambda = 0.9 tests, the higher baseline PM emissions
are a result of the later spark timing. This test showed a decrease in particle
concentrations for the entire spectrum with the addition of secondary air. The
reductions were greatest for the case with exhaust lambda = 1.05. Particle
concentrations increased as additional secondary air was added. This phenomenon was

also noticed in the previous test.

3.3.5 Total Particulate Matter Reduction Tables

The particle distributions presented above are useful for observing the effects of
SAI on the shape of the distributions. It is useful to observe the effects of SAI on total
particle number or total particle volume. For this purpose, the particle results will be
presented here in tabular form. Each table presents values for the percent reduction of
PM for various exhaust lambdas. The reductions are relative to the tests without any
SAI for each engine condition. The first table presents total particle number reductions.
Total particle number is given as the cumulative particle concentrations for all particle
sizes. The second table presents total particle volume reductions. Particle volume is
calculated by determining an average particle volume for each measurement bin by
using the particle diameter of each bin. Total particle volume is then the cumulative
volume concentration for all particle sizes. This measurement is much more heavily
weighted by larger particles because they have a much higher volume than the smallest
measured particles. For the purposes of this study, particle volume effects are used to
predict particle mass effects. This prediction depends on the assumption that particle

density is constant for all PM.
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Particle Number Reduction [%]
Exhaust Lambda
. Spark
Ii';gl:::a Timing 0.95 1 1.05 1.1 1.2
[deg. aTDC]
0.9 10 4.7 9.4 21.9 23.2 29.5
0.9 15 7.8 30.7 44.7 47.8 50.8
0.8 10 47.1 61.5 65.2 57.1 49.4
0.8 15 55.5 74.9 79.7 77.8 74.9

Table 3-2: Particle number reduction percent for all tests

Particle Volume Reduction | %]
Exhaust Lambda
Engine [Spark Timing
Lambda | [deg. aTDC] 0.95 1 1.05 1.1 1.2
0.9 10 11.2 18.2 323 30.0 37.6
0.9 15 4.8 30.8 42.7 47.1 52.3
0.8 10 65.4 76.1 79.4 71.2 62.1
0.8 15 66.0 82.8 88.1 85.8 82.5

Table 3-3: Particle volume reduction percent for all tests

The above tables show that sizeable reductions in both particle number and
particle volume were achieved for almost all tests. For the tests at engine lambda = 0.9,
reductions increased as SAI rate increased. These reductions were much smaller than
those at engine lambda = 0.8. For tests at the higher engine enrichment, higher
reductions of both particle number and volume were observed. This is likely due to
more robust oxidation and higher energy release in the exhaust. For the engine lambda

= (.8 tests, PM reductions for both number and volume were maximized at an exhaust

58



lambda = 1.05. The relation of PM reduction to SAI rate and exhaust energy release will

be investigated in the next section.

3.3.6 Particle Matter Reduction Analysis

The stated goal of this study was to investigate the effects of SAI on PM emissions.
The data presented so far has shown that heat release in the exhaust system with SAI
was achieved for all tests. Exhaust oxidation yielded higher exhaust stream temperature
and PM reductions were seen for all tests of SAI. What remains to be investigated is the
relation between these effects. Some general trends have been observed thus far. For
instance, in the engine lambda = 0.8 tests, exhaust temperatures, CO reduction, and PM
reduction all peaked in the exhaust lambda = 1.05 tests. This and similar trends are

investigated in this section.

Figure 3-13 shows the total particle number concentration as a function of exhaust
lambda for all tests. For both of the engine lambda = 0.9 tests, particle number
decreased as the SAI rate increased. Minimum particle number emissions were échieved
at an exhaust lambda of 1.2 for both of these tests. This was an effect of better mixing
of exhaust products and secondary air within the exhaust port at higher air rates. This
mixing effect was also beneficial for total CO reduction as was discussed in section 3.2.
At exhaust lambda of 1.0 or greater, particle number concentrations were similar for

both engine lambda = 0.9 conditions.

For the engine lambda = 0.8 tests, particle number concentration was a minimum at
exhaust lambda = 1.05. It was noted previously that CO reduction was maximized with
exhaust lambda = 1.05 for these conditions. For higher air rates, the excess air dilutes
the exhaust mixture and reduces temperatures and oxidation rates. At exhaust lambda of
1.0 and greater, total particle number concentrations are quite similar for both engine

lambda = 0.8 tests.
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Particle Number vs. Exhaust Lambda
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Figure 3-13: Particle number concentration vs. exhaust lambda for all tests

Figure 3-14 shows total particle volume concentration as a function of exhaust
lambda. Many of the same trends for particle number were seen for particle volume. For
both tests with engine lambda = 0.9, particle volume was minimized at the highest SAI
rate (exhaust lambda = 1.2). For the tests with engine lambda = 0.8, particle volume
was minimized with an exhaust lambda of 1.05. As with particle numbers, particle
volumes for the highest SAI rates were mostly independent of spark timing and more

dependent on engine lambda.
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Total Particle Volume vs. Exhaust Lambda
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Figure 3-14: Particle volume concentration vs. exhaust lambda for all tests

It has been previously noted that both PM emissions reduction and CO reduction
followed similar trends with respect to SAI rate (exhaust lambda). To investigate these
trends, PM reduction was plotted as a function of the estimated, specific enthalpy
release from oxidation in the exhaust system. Specific enthalpy release was estimated as

follows:

= CO Reduction Fraction * Exhaust Enthalpy [

k
Enthalpy Release [—; —]
kg exhaust

kg exhaust]

The estimated values of exhaust chemical enthalpy for each engine condition are
given in Table 2-3. Exhaust chemical enthalpy estimates include only the engine-out
products and not the SAI flow. The specific chemical enthalpy is given as per kilogram
of engine-out exhaust flow. Engine-out exhaust flow was constant for all SAI rates at a

particular engine condition. Exhaust enthalpy values for engine lambda = 0.8 tests were
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about double the enthalpy values for engine lambda = 0.9 tests. The higher enrichment
level produced higher concentrations of CO, H2, and HC. It was noted that total CO
reduction was not vastly different for tests at the two different enrichment levels.
However, the difference in exhaust chemical enthalpy led to a large difference in the

estimated enthalpy release at different enrichment levels.

Particle Number Reduction vs. Energy Release
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Figure 3-15: Particle number reduction vs. exhaust enthalpy release

Figure 3-15 and Figure 3-16 show particle number reduction and particle volume
reduction as a function of exhaust enthalpy release. They both show similar trends.

Both plots illustrate a good correlation between PM reduction values and exhaust
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enthalpy release. This indicates that the amount of PM reduced within the exhaust

system is related to the amount of enthalpy released through the use of SAIL
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Figure 3-16: Particle volume reduction vs. exhaust enthalpy release
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Chapter 4: Summary and Conclusions

4.1 Overview

An experimental, engine based study was performed to investigate the effects of
secondary air injection (SAI) on particulate matter (PM) emissions. SAI was developed
in the 1970s and has been extensively studied as a strategy to reduce hydrocarbon
emissions. No study thus far has studied SAI specifically with regards to PM emissions.
Tests were performed using a 2.0 L, DISI, turbocharged GM LNF engine. PM emissions
measurements, exhaust stream temperatures, and engine performance data was collected
for various engine conditions and SAI flow rates. This section will summarize the

results of the testing and analysis and present the conclusions of the study.

4.2 Exhaust Stream Temperature

Exhaust stream temperature was measured at five locations within the exhaust
system for all tests. Temperatures were measured by k-type thermocouples at the
locations illustrated in Figure 2-1and Figure 2-5. These temperatures were useful in
determining the location where SAI oxidation takes place within the exhaust system.
They also enabled an estimate of the extent of oxidation. Exhaust stream temperatures
with SAT were typically compared with baseline temperatures without SAI.
Temperature increases were observed for all engine conditions and all SAI flow rates.
This indicated that SAI enabled oxidation of exhaust products for all of the tested
conditions. Peak temperatures within the exhaust system were observed to be higher for
tests with later spark timing. This was the result of two effects. Engine-out exhaust
temperatures are higher with later spark timing. These higher temperatures in turn led to
more complete oxidation of combustible exhaust products and therefore higher heat

release. Temperature increases relative to the baseline cases were much higher for
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conditions with higher engine enrichment. The tests with engine lambda = 0.8 had about
double the exhaust chemical enthalpy as tests with engine lambda = 0.9, Higher release
of chemical enthalpy within the exhaust led to substantially higher temperature
increases. For all tests, temperature increases were highest for exhaust lambda of 1.0 or
1.05. Higher SAI rates tended to facilitate better mixing within the exhaust port and to
enhance oxidation. Higher SAT rates also led to excess air in the exhaust which lowered
temperatures due to the effect of dilution. The cases with exhaust lambda of 1.0 or 1.05

provided adequate mixing without the dilution effects of excess air.

4.3 Oxidation Analysis

An oxidation analysis was performed to determine the amount and location of
oxidation with SAI within the exhaust system. Total oxidation was based on the
reduction of CO from the baseline tests, assuming that the extent of oxidation of HC
and H2 are similar to that of CO. The oxidation within individual zones was determined
with an energy balance. The oxidation analysis provided some insight into the effects of
SAI rate on the oxidation reaction within the exhaust. The majority of overall oxidation
occurred in the exhaust port (Zone 0) for all engine conditions and all SAI rates. The
amount of oxidation in the port increased with increasing SAI rate for all tests. This
was an effect of better mixing within the port when more air was injected. Of the four
engine conditions tested, three of them resulted in a peak CO reduction of 95% or
greater. For these tests with high overall oxidation rates, CO reduction peaked with an
exhaust lambda of 1.05. Although higher SAI rates gave better oxidation within the
port, they also led to more excess air. The excess air cooled the exhaust mixture and
limited overall oxidation. SAI rate was also seen to affect the location of oxidation
within the exhaust system. Higher SAI rates increased oxidation in the port but reduced

oxidation further downstream.
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4.4 Particulate Matter Emissions

The primary objective of this study was to investigate the effects of SAI on PM
emissions. Measured PM emissions were presented in several ways to investigate
different aspects of PM reduction with SAI Particle distribution plots showed that
substantial PM reductions were achieved with the use of SAI. These reductions
occurred for all particle sizes but reductions were slightly larger for smaller particles.
The shape of the particle distributions remained mostly unchanged as PM emissions
were reduced. PM reductions were also tabulated as percent reductions for total particle
number and total particle volume. In this format it was easier to identify trends with
SAl rate and exhaust enthalpy release. For tests with engine lambda = 0.9, both particle
number and particle volume were minimized at exhaust lambda = 1.2. This was likely
an effect of better oxidation due to faster mixing in the port at higher SAI rates. Mixing
was a larger factor at the lower engine enrichment level because the exhaust chemical
enthalpy was reduced by half as compared to the higher enrichment tests. For tests with
engine lambda = 0.8, particle number and particle volume were minimized at exhaust
lambda = 1.05. PM emissions increased for higher SAI rates. This was an effect of the
excess air in the exhaust at high SAI rates. Although mixing in the port was improved,

overall oxidation was decreased due to the dilution effect of the excess air.

The relationship between PM reduction and exhaust enthalpy release was
particularly interesting. It was observed that both particle number and particle volume
reduction correlated quite well with the estimated enthalpy release within the exhaust.
This indicates that PM reduction with SAI is related to the amount of enthalpy released
within the exhaust. In the introduction it was noted that other studies have reported a
large reduction in PM across three-way catalysts due to the oxidation of volatile
particles. One study found that the catalyst reduced PM for all particle sizes. They
suspected that volatiles likely exist throughout the size spectrum, both as individual
particles and as condensate absorbed by larger soot particles [22]. In the current study,

the volatile portion of PM was not removed before measurement. It is therefore possible
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that the reduction of PM with SAI was due to the oxidation of the volatile portion of
PM. Because the sampling system is heated to 200°C to prevent homogeneous
nucleation, there should not be particles composed solely of volatile species. To
attribute the PM reductions only to the oxidation of volatiles, it would have to be shown
that volatiles existed throughout the particle spectrum as condensate absorbed onto the

surface of other particles.

Another potential contributor to the measured PM reduction is the oxidation of
soot particles. It was explained in the introduction that direct oxidation of soot particles
is unlikely because temperatures in the exhaust are relatively low for typical soot
oxidation reactions. It was also noted that soot oxidation can be related to the presence
of OH radicals [21]. The oxidation of CO, H2, and HC within the exhaust system would
produce OH radicals. It is possible that the formation of OH radicals from oxidation
within the exhaust system is related to the reduction of PM with SAI. The correlation of

PM reduction to exhaust enthalpy release would fit well with this explanation.

4.5 Conclusions
The objective of this study was to investigate the effects of secondary air injection
on particulate matter emissions. Experimental, engine-based testing was successfully

completed towards this end. The results of this testing are summarized below.

e The highest exhaust temperatures were achieved with exhaust lambda = 1.0 or 1.05
for engine lambda of 0.8 and 0.9. Temperatures were reduced at higher SAI rates

due to the dilution effect of excess air.

e The majority of oxidation occurred within the exhaust port. Increased SAI rate led to
higher oxidation in the exhaust port for all tests. This was attributed to better mixing

within the port at blowdown due to more air being present.
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High SAI rates reduced the amount of oxidation that occurred in the exhaust
downstream of the exhaust port. The presence of excess air reduced temperatures

and slowed the rate of oxidation.

CO reduction peaked for exhaust lambda = 1.05 for three of the four engine
conditions. This was a result of balancing the effects of better mixing from higher

SAI rates and the dilution effect of excess air.

Particulate matter emissions were reduced for the engine conditions and SAI rates
that were tested. Particle distributions show that particle concentrations were

reduced across the size spectrum.

The largest particle reductions for tests with engine lambda = 0.9 were achieved at
an exhaust lambda = 1.2. The largest particle reductions for tests with engine
lambda = 0.8 were achieved at an exhaust lambda = 1.05. This is due to the effects

of better mixing and the dilution effect with higher air rates.

Particle matter reductions correlated well with exhaust energy release. This is an
interesting result that indicates PM reduction is related to the amount of oxidation

that occurs within the exhaust.

Further investigation is needed to determine the relative amount of oxidation of the

condensed volatiles versus carbonaceous mass.
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