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Abstract

The black carbon particulate matter (soot) emissions from internal com-
bustion engines have negative health and climate impacts. PM emissions
are typically characterized with modest temporal resolutions; however, in-
cylinder investigations have demonstrated significant variability and the im-
portance of individual cycles. Detecting such variations in the exhaust re-
quires measurements close to the exhaust valve, which are not possible with
the current sensors. Here, a methodology for characterizing the cycle-specific
PM concentration at the exhaust-port of a single-cylinder research engine
is developed using a light-scattering sensor, the Fast Exhaust Nephelometer
(FEN).

The FEN light scattering is converted to soot mass concentration (Cm)
and mass-mean mobility diameter (dm,g) using an inversion algorithm based
on the Rayleigh-Debye-Gans model for fractal aggregates (RDGFA). The
model incorporates the external mixing hypothesis (EMH) to correlate the
diameter of primary particles with the aggregates. The inversion parameters
are obtained from Transmission Electron Microscopy (TEM) and literature,
resulting in Cm and dm,g that are within ±10% of the reference methods. The
results could vary by ±40% due to uncertainties in the RDGFA parameters;
however, by incorporating the EMH morphology model, the variations are
reduced to within ∼±25% of the reference measurements.

The response time of the FEN, determined from a “skip-fired” scheme by
disabling the fuel injection, is on average 55 ms. This is well below the engine
cycle period (∼100 ms) for the considered engine speeds. A cycle-specific
PM mass averaging method was developed based on the characteristics of
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the exhaust-port signals. Using this cycle-resolved method, it is shown that
the cycle-to-cycle coefficient of variation of Cm is 40%, while the in-cylinder
gross indicated mean effective pressure (GIMEP) varies by 2%. Despite their
different ranges of variation, the cycle-specific Cm and GIMEP are negatively
correlated with R2 ∼ 0.2 - 0.7, where cycles with low GIMEP emit more soot.
The physical causes of this association deserve further investigation, but are
expected to be caused by local fuel-air mixing effects. The methods and
findings of this work can further our understanding of the engine variability
under transient conditions, and assist the interpretation of the in-cylinder
variations observed in optical engine experiments.
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Lay Summary

Direct-injection internal combustion engines are major sources of black-
carbon particulate matter (soot) pollution. Complex engine calibrations,
needed to meet the emissions regulations and fuel-efficiency targets, can
benefit from high-speed sensors for time-varying emissions. Variations can
even occur during a constant operating point, which is investigated here.

A method is developed to characterize single-cycle soot emissions at the
exhaust port, using a high-speed light-scattering sensor, the Fast Exhaust
Nephelometer (FEN). The soot concentrations can be quantified to ±25%,
similar or better than available slow-response light-scattering sensors, and
is achieved using a signal inversion algorithm based on the physics of soot.

Exhaust-port soot measurement
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Using these methods, large variations in soot concentration are, for the
first time, correlated to small variations in combustion energy. This demon-
strates the impact of engine variability on soot emissions, which can enhance
our understanding of the in-cylinder optical diagnostics results, and be uti-
lized to reduce emissions during transient engine calibrations.
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Preface

The work presented in this dissertation is the original work of the au-
thor, Pooyan Kheirkhah, with guidance and inputs from my supervisors
Dr. Steven Rogak and Dr. Patrick Kirchen during the ideation and de-
sign of the experiments, analysis of results, and preparation of the ensuing
scholarly publications.

The Fast Exhaust Nephelometer (FEN), described in Chapter 3 and used
throughout this investigation, is designed by Dr. Steven Rogak and fabri-
cated at the UBC Mechanical Engineering Machine Shop. Darren Sutton
contributed to the initial design and testing of the FEN laser system, Jeff
Yeo created a SolidWorks™ CAD computer model and fabricated the FEN
in the UBC-MECH machine shop, and Jay Hope upgraded the laser circuitry
and carried out preliminary particle measurements with the FEN. I further
upgraded the FEN photodetection, temperature controls, and purge air sys-
tems, and incorporated the FEN with a research engine instrumentation for
crank-angle-resolved signal acquisition. A summer intern student, Jeff Far-
nese helped me upgrading the FEN for engine exhaust-port measurements.
I carried out the engine measurements, developed signal inversion toolkits,
and performed all of the data analysis.

This thesis is an integration of conference proceedings and presentations,
and published or accepted articles in scholarly journals. The results and
discussions in Chapter 4 is published in Aerosol Science and Technology,
and the material in Chapters 5 and 6 is accepted for publication in the
International Journal of Engine Research. The introduction in Chapter 1
and the description of the experimental systems in Chapter 3 are based on
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the corresponding material in the two manuscripts, and a technical paper
for the Society of Automotive Engineers (SAE). Below is a list of published
or accepted work in the scholarly journals:

• Kheirkhah P., Kirchen P., and Rogak S. 2016. Fast Exhaust Neph-
elometer (FEN): A new instrument for measuring cycle-resolved engine
particulate emissions. SAE Technical Paper. 2016-01-2329.

• Kheirkhah P., Baldelli A., Kirchen P., and Rogak S. 2020. Develop-
ment and validation of a multi-angle light scattering method for fast
engine soot mass and size measurements. Aerosol Science and Tech-
nology. 54(9): 1083-1101.

• Kheirkhah, P., Kirchen P., and Rogak S. Measurement of cycle-resolved
engine-out soot concentration from a diesel-pilot assisted natural gas
direct-injection compression-ignition engine. Accepted for publication
in the International Journal of Engine Research on November 24, 2020.

The experiments, including designing the test matrices, operating the
engine and the PM instrumentation, developing the light scattering in-
version model, and processing the collected data is carried out by my-
self. Dr. Alberto Baldelli collected samples for Transmission Electron Mi-
croscopy (TEM) and processed the TEM images discussed in Chapter 4.
Una Trivanovich helped with the TEM imaging of the engine soot samples
in Chapter 6, and I carried out all the image-processing work. Complemen-
tary image analysis is done by a co-op student, Lawrence Zhou, supervised
by Dr. Timothy Sipkens to compare the automatic pair-correlation (PCM)
results with the manual image processing method.

I was the lead author and wrote the three manuscripts. Dr. A. Baldelli
provided the information and the data related to the TEM analysis for the
second paper. Dr. S. Rogak and Dr. P. Kirchen were involved during the
design of the experiments, provided insight for developing the data inversion
methodology, and critically reviewed the papers.

Chapter 5 consists of the experimental measurements and analyses con-
ducted in 2019 by the author. The experimental measurements are com-

vii



pared to an earlier experimental and modeling work published as a Master’s
thesis by Patrick Steiche during the spring of 2017. In the 2017 campaign,
Patrick Steiche carried out the GT-Power™ modeling work and conducted
the experimental data processing related to the pressure and flow modeling
of the engine exhaust system, while I ran the experiments and analyzed the
FEN light scattering data.
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Chapter 1

Introduction

Black carbon particulate matter (BC-PM) is a byproduct of the combustion
of hydrocarbons. The pyrolysis of hydrocarbon fuels generates, among other
chemical species, solid carbonaceous particulate matter (PM), called soot,
ranging from less than 10 nm to larger than 1 µm. Internal combustion
engines (ICE) are major sources of anthropogenic soot due to incomplete
combustion in the locally fuel-rich regions inside their combustion chamber.
The engine-emitted soot particles can penetrate deep into the respiratory
tract and even enter the bloodstream due to their small size. Chronic ex-
posure to soot is linked to asthma, heart attack, and respiratory infections
[23, 189]. Diesel soot is also categorized as a group 1 carcinogen by the
World Health Organization (WHO) [16]. Moreover, soot particles warm the
climate by directly absorbing the solar radiation, and by reducing the re-
flectivity of the ice and cloud nuclei (surface albedo effect) [21]. Therefore,
the ICE soot emission, and its measurement and mitigation warrant further
research.

1.1 Soot emissions from internal combustion
engines

Direct injection (DI) engines of diesel, gasoline, or alternative fuels power
more than 75% of the on-road commercial vehicles [2, 41]. The spark ig-
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nition (SI) gasoline direct-injection (GDI) engines can be operated under a
wider range of air-fuel ratios, and have lower unburned hydrocarbon (uHC)
emissions compared to port fuel injection (PFI) SI engines, especially during
the low- and part-load operation [208]. Compression ignition (CI) engines,
predominantly powered by diesel fuel, are operated with higher compression
ratios and have near-zero throttling losses, making them more fuel-efficient
than SI engines. The benefits in fuel economy and reduced green-house
gas (GHG) emissions generated a shift towards the light-duty diesel pas-
senger cars in Europe [74], and rapid market adoption of the GDI tech-
nology worldwide [84]. Diesel and GDI engines are the largest mobility and
transportation-related sources of BC-PM emission [21]. The DI engines run-
ning on diesel or alternative fuels are especially widespread in heavy duty
transportation, and off-road applications such as in mining, construction,
marine applications, and power generation [119]. Therefore, their emissions
are under further scrutiny, as they can put the public at greater PM expo-
sure and bear higher costs on the health care system.

The graphitic carbon is a strong absorber of the solar radiation; there-
fore, soot particles heat up the atmosphere and affect the properties of clouds
[138]. The reduction of engine-emitted soot offers co-benefits in public health
and climate change. Especially, it might be that the reduction of BC-PM
produces fast climate-cooling effects due to its short atmospheric lifetime,
and thus is of much interest [66]. The complex properties of soot and the
challenges in the source-appointment of emissions, nonetheless, generate a
large uncertainty in the assessment of its role in epidemiological and climate
studies [21].

1.1.1 Engine PM Regulations
Regulations are put in place to curb the “tail-pipe” emissions of fine and
ultrafine PM from vehicles or engines, which are measured during controlled
steady and transient test cycles [43]. The most recent European standards
require heavy-duty diesel engines to meet the 0.01 g/kWh limit for PM mass
in addition to the recently introduced 8×1011 #/kWh for the solid particle
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number (SPN) [42, 61]. The emissions are measured by testing the engines
(heavy-duty) or vehicles (light-duty) on a dynamometer which controls the
load, speed, or both.

Certification test cycles are transient and include idling, stop-starts, and
frequent engine speed-load variations. The exhaust is sampled for the entire
duration of the transient cycle, diluted with clean air, and measured for the
number and mass of particles [61]. Engines generate more pollution during
real-world driving compared to stationary tests [159]. Hence, measuring the
real-drive emissions (RDE) using portable emissions measurement systems
(PEMS) is added in the European type-approval tests since 2017 [127].

1.1.2 PM mitigation and control
To meet the challenging PM standards, DI engines are equipped with partic-
ulate filters (DPF’s and GPF’s) that remove more than 90% of the particles
[68]. The filters are regenerated by increasing the exhaust temperature to
oxidize the accumulated soot that builds up over time on the particle traps
[95]. This is an energy-intensive process. In order to alleviate the fuel con-
sumption penalties associated with the DPF regeneration, the “engine-out”
soot must be minimized. Reducing the engine-out soot is even more crucial
in applications where DPF is uncommon or impractical, and the emitted
PM is directly released into the surrounding environment, such as in rail or
marine applications.

Engines are calibrated over steady and transient test cycles, where the
control parameters are tuned for optimized in-cylinder combustion to reduce
harmful emissions with minimum fuel efficiency penalty. Off-cycle emissions
tend to be more significant, as such, even transient test cycles do not ac-
curately represent real-world driving [127]. A simplified demonstration of
a transient engine load-speed trajectory on a steady-state emission map is
shown in Figure 1.1. During the transition between the steady-state points
A and B, the combustion conditions (air-fuel ratio, combustion timing, etc.)
are nonoptimal, resulting in soot concentration spikes [63, 70].

It is known that the soot emission from diesel combustion is a delicate
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A

B

Fast transition

Slow transition

Figure 1.1: An illustration of engine exhaust soot concentration time
series (right, adapted from [70], permission obtained from SAE)
when transitioning between two steady-state operation points
on the load-speed map (left, adapted from [102], by permis-
sion of author). The peak of the soot concentration in a fast-
transition trajectory exceeds the steady-state concentrations by
a factor of 10.

balance between the formation and oxidation reactions [191], which are very
sensitive to the injector, fuel-oxidizer mixture, and the combustion con-
ditions. Cycle-resolved measurements of in-cylinder air-fuel ratios suggest
that soot emissions can be substantially reduced if the high-emitting cycles
are detected and mitigated [69]. This requires optimizing the in-cylinder
combustion using fast engine controls based on cycle-resolved inputs.

The combustion cyclic variability (CCV) may be characterized based
on in-cylinder pressure measurements or from optical diagnostics. Over
the last two decades, fast instruments for cycle-resolved exhaust measure-
ment of gaseous pollutants have been used to study the cyclic emissions
variability (CEV). The study of CCV-CEV correlations reveals patterns in
engine emissions the are obscure to lower-speed instruments [10, 37, 110].
In-cylinder natural luminosity measurements have also indicated that soot
formation and oxidation are highly sensitive to the combustion properties
[87]. Despite the advances in the in-cylinder techniques, cycle-resolved soot
emissions have not been characterized in the exhaust; hence, the correlations
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between the cycle-resolved combustion and the exhaust soot variations are
not fully understood. This information is highly useful and a critical gap in
the engine soot literature, which is tried to be addressed in this work.

1.2 ICE PM measurement
To determine whether engines meet the regulatory limits on PM pollution,
their diluted exhaust is measured during a transient test cycle. The reg-
ulatory procedures require that particles smaller than 2.5 µm (PM2.5) be
collected on filters and gravimetrically weighed for PM mass, and the num-
ber of solid particles (SPN) larger than 23 nm measured after removing the
volatile and semi-volatile contents [61]. To determine the effect of rapid
changes to the engine operation throughout a transient test, faster measure-
ment methods are desirable for research and development. Respectively,
indirect particle mass and size measurement techniques are developed to
address such need for transient time-resolved data.

1.2.1 Exhaust measurements
Time-resolved quantitative soot volume or mass concentrations may be mea-
sured indirectly using optical techniques, or by measuring particle electrical
charge. Photo-acoustic soot sensors (PASS) [160], or laser induced incandes-
cence (LII) sensors [169] measure the acoustic and thermal radiation from
soot particles by laser heating. Opacimeters and aethalometers [88] measure
light attenuation of soot or other light-absorbing particles suspended in air
or loaded on filters. These instruments, however, have limited time resolu-
tion because of pressure, temperature, or flow rate restrictions inside their
optical cavity, or due to the time needed for filter loading [14, 171]. Non-
optical methods, such as Electrical Low-Pressure Impactor (ELPI) [125],
Engine Exhaust Particle Sizer (EEPS) [89], or Differential Mobility Sizer
(DMS) [163] rely on generating unipolar charge distribution on particles,
classifying them based on their aerodynamic or electrical mobility diameter,
and subsequently measuring the size-classified particles with electrometers.

The measurement response time with such instruments is practically
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limited by the flow transport and mixing in the exhaust pipe and sampling
lines; faster response times require carrying out measurements upstream in
the exhaust system, with short sampling tubes. The techniques discussed
here, however, strongly depend on the pressure and flow of the sample into
the instrument [144]. As a result, measurements close to the exhaust valve
would be affected by the rapid variations in exhaust pressure and flow rate
close to the manifold or at the exhaust port [173, 207].

For these instruments, samples are collected downstream in the exhaust
system, such as after the turbocharger or at the tail-pipe, and might require
dilution with clean dry air prior to measurement. Considering the mix-
ing time in the exhaust train and dilution tunnel, or residence time in the
sampling lines and pressure damping chambers, the time resolution of the
mentioned instruments is at best 0.5 s [196], not sufficient for cycle-resolved
measurements.

1.2.2 In-cylinder measurements
The cycle-specific soot emissions may be estimated from the in-cylinder pres-
sure and natural flame luminosity traces. Semi-empirical models, such as
the well-known two-step soot model of Nishida and Hiroyasu, can be made
to estimate the soot mass concentration from the in-cylinder pressure trace
[141]. Optical measurements of natural or stimulated light emissions are also
used to obtain measurements of in-cylinder soot. Two-colour-ratio pyrom-
etry is commonly used to study the in-cylinder soot formation and oxida-
tion from the crank-angle-resolved optical thickness of the soot cloud (KL)
[11, 102, 104, 197]. The pyrometry KL is determined from the thermal light
emission from soot, which diminishes long before the opening of the exhaust
valve and is prone to noise due to weak signal late in the cycle [81].

It is not clear, to what extent the low-temperature late-cycle oxidation
contributes to the variation of KL for cycles with seemingly similar pressure
and heat-release traces [87, 102, 197]. Given such cycle-to-cycle variability,
estimating the quantitative rates of in-cylinder soot formation and oxidation
requires an exhaust-value datum, which requires measuring engine-out soot
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at the exhaust port.

1.2.3 Exhaust-port measurements
Optical techniques are fast and can be adapted for undiluted measurements
upstream of the exhaust system. An application of the LII method in-
troduced in Section 1.2.1 is demonstrated for raw exhaust measurement
upstream of turbocharger for a light-duty diesel engine. Despite sampling
upstream of the turbocharger, the transient response times reported for this
LII system are limited to ∼ 0.5 s, due to its distance from the exhaust
valve [196]. Application of elastic light scattering (ELS) for in- and ex-
situ exhaust-port soot measurements for light- and heavy-duty DI engines
is shown in the literature [99, 154], demonstrating the possibility of single-
cycle measurements. Nonetheless, such studies are limited to qualitative
demonstrations rather than quantitative measurements. ELS is a promising
method for fast, possibly cycle-resolved exhaust-port soot measurement, but
requires proper data inversion for the accuracy needed to characterize the
cycle-to-cycle variations.

Light scattering is implemented in commercial instruments such as the
Dusttrak by TSI Inc. [29] or research instruments such as the SootTrack
demonstrated in [77]. As it is sensitive to the morphological and optical
properties of particles, factory calibrations based on standard dust may not
be suitable for measuring soot. PM mass measurement with different in-
struments, including the TSI-Dusttrack, demonstrated discrepancies in the
range of 30% due to dissimilar measurement principles and the complex
physicochemical properties of ICE-generated PM [123, 143].

Much of soot light scattering research in the literature is limited to sta-
tionary flames and not transient engines [6, 38]. Furthermore, converting
the measured light-scattering signals into soot mass and size, also called “in-
version”, is not trivial as it requires complex models for solving inverse prob-
lems containing ill-posed system of non-linear equations [24]. The Rayleigh-
Debye-Gans model for fractal aggregates (RDGFA) is commonly used to
model the light scattering from combustion soot [182]. Holve used a two-
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angle light scattering RDGFA model to measure the exhaust soot from a
diesel engine and a gas-turbine [78]. Their results suggest that using the
literature-based soot properties creates large uncertainties in the concentra-
tion and particle sizes obtained from the measured light intensities. Fur-
thermore, the RDGFA models in the literature assume that the primary
particles are mono-disperse [6]. Even when the primary particle polydisper-
sity is considered, its distribution parameters are assumed independent of
the aggregate size distribution [148]. These assumptions should be reconsid-
ered given the observations that the soot primary particle size is correlated
to the aggregate size [33], recently explained by external mixing hypothesis
(EMH) [146].

The Fast Exhaust Nephelometer (FEN) is a multi-angle light scattering
instrument, developed for sampling near the exhaust valve and measuring
raw exhaust [99]. Quantitative soot measurement with the FEN requires a
methodology that considers the soot morphology and optical properties, as
well as the FEN optical and geometrical characteristics. Furthermore, light
scattering signals generated during exhaust-port sampling contain complex
features due to the exhaust transient flow and pressure waves that must
be analyzed for single-cycle soot concentrations. Similar approaches were
demonstrated in the past, for example, for a fast flame ionization detector
(FFID) used to measure single-cycle unburned hydrocarbon emissions [31].
No work, however, has been reported for quantitative, single-cycle, engine-
out soot measurement near the exhaust valve.

It is desired to characterize the FEN, such that it can be used to measure
the engine-out soot concentration in order to explore the variation of cycle-
resolved soot emission and its correlation with the in-cylinder processes.

1.3 Research objectives
Quantitative measurement of cycle-resolved exhaust-stream soot concentra-
tion has not been reported in the literature, yet it is highly useful for under-
standing the effects of cycle-to-cycle combustion variability on the emissions.
Obtaining such measurements is impeded partly by the lack of instruments
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that can sample and measure the exhaust-port soot, but is also affected by a
lack of methodology to interpret the light-scattering signals acquired during
the process of exhaust-port measurement. Light-scattering inversion models
that consider the effects of exhaust-port pressure and flow variations on the
measurements are needed to determine the cycle-specific PM concentration
from light-scattering traces.

Motivated by the lack of means and methods for characterizing the
single-cycle exhaust-stream soot, FEN is used to carry out such measure-
ment on a pilot-ignited direct-injection natural gas (PIDING) single-cylinder
research engine (SCRE). To achieve this, the measured light-scattering sig-
nals must be processed to determine the single-cycle soot concentration and
its cycle-to-cycle variations, and to examine its correlations with the in-
cylinder combustion parameters. The inversion of light-scattering into soot
concentration and size is inherently ill-posed [24]; thus, measurement noise
and errors embedded in light-scattering models used for signal-processing
are amplified in the inversion process [80]. To alleviate such uncertainties,
a morphology model that considers the wide range of soot sizes present in
the engine exhaust must be incorporated in the inversion process.

Correspondingly, the objectives of this research are to:

• develop and characterize a method for measuring the concentration
and size of soot from its light scattering (inversion).

• develop a single-cycle soot measurement methodology based on the
FEN exhaust-port light-scattering measurements.

• demonstrate the utility of the new method for characterizing the cycle-
resolved variation of engine-out soot and its correlations with in-cylinder
combustion processes.

The first objective is tackled by developing a three-angle light-scattering
inversion algorithm that takes the measured FEN signals and produces the
soot concentration and mean diameter as outputs. The inversion scheme is
based on the RDGFA light scattering model, modified to include the varia-
tion of soot primary particle sizes based on the EMH model. The inverted
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light scattering soot measurements are validated against the reference gravi-
metric mass and mobility diameter measurements and its sensitivity to the
light-scattering model and the inversion process is characterized.

Furthermore, a methodology is developed to determine the cycle-specific
soot concentration and size based on the measured PM light scattering at
the exhaust port. Features in the crank-angle-resolved FEN signals are stud-
ied in relation to the exhaust pressure and flow variations. A crank-angle
signal averaging procedure is developed based on the response time of the
FEN to represent the cycle-specific soot concentration. To determine the
response time of the exhaust-port measurement system, engine combustion
is disrupted with the intention of generating rapid changes in exhaust soot
concentration. The FEN light-scattering traces during this “skip-firing” op-
eration is analyzed to determine the sample transfer delay in the exhaust
pipe and the FEN sampling tube.

Hence, the key objectives of this work are to develop a method for
exhaust-port light-scattering soot measurement, quantitatively validate it
against reference standard methods, and utilize it to characterize the cycle-
to-cycle variation of soot emissions. The utility of this method is demon-

Aerosol standard 
instrumentation

Fast Exhaust 
Nephelometer 

(FEN)

Steady source of 
particles (engine, 
burner, atomizer-

drier)

Light scattering to 
soot mass 

concentration/ 
size inversion.

Chapter 4: Light-scattering inversion method for soot 
measurement

- Developing a light scattering (LS) model for engine soot.
- Implementing the LS model into a signal inversion algorithm.
- Validating the inverted FEN measurements with standard 

instrumentation for exhaust soot PM.
- Characterizing the uncertainties of the method.

Chapter 5: Developing a single-cycle exhaust-port soot 
measurement methodology

- Measuring the FEN response time for exhaust-port sampling.
- Developing a method for determining single-cycle soot 

concentration based on the light scattering signals.

Single-
Cylinder 
Research 

Engine 
(SCRE)

In-cylinder 
sensors

Chapter 6: Demonstrating the practical applications of 
the method

- Validating the exhaust-port FEN measurements with the 
diluted soot measured using standard instrumentation.

- Characterizing the cycle-to-cycle variation of exhaust soot 
concentration from a research engine.

- Examining the correlations between in-cylinder combustion 
processes and exhaust soot.

Figure 1.2: The research objectives and thesis organization.
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strated by exploring the correlations between the engine-out soot concen-
tration and the in-cylinder combustion parameters, assess the statistical
significance and repeatability of these correlations, and their differences for
different operating points.

The thesis is structured so that these objectives are addressed in chap-
ters, as shown in Figure 1.2 and explained below.

1.4 Thesis layout
This thesis is divided into 7 chapters, including this introductory chapter,
and finishes with the conclusions of this study and provides recommenda-
tions for future research. A chapter-by-chapter description is provided here.

In Chapter 2, the literature vis-á-vis the ICE PM emission measurement,
particularly, the time-resolved methods for exhaust soot are reviewed. A dis-
cussion on the physics of in-cylinder soot formation, and the resulting soot
properties, pertinent to light-scattering measurements, is provided. The
chapter is concluded by a discussion on the gaps in the literature and the
ways they are addressed in this work. The experimental facility is intro-
duced in Chapter 3. A detailed description of the FEN is provided and its
optical properties are examined. The SCRE, the PM sampling and measure-
ment instrumentation, and the methods of soot mass, size, and morphology
characterization are elaborated.

Chapters 4, 5, and 6 discuss the results and findings of this work. In
chapter 4, the RDGFA+EMH model employed in the light-scattering in-
version software is introduced. Diluted FEN exhaust soot measurement is
validated with gravimetric PM mass and mobility instruments, and its varia-
tions due to uncertainties in the inversion model are discussed. In chapter 5,
a method for determining the single-cycle soot concentration from exhaust-
port measurements is explained. Particularly, the crank-angle-resolved FEN
light-scattering traces are characterized, and the response time of the mea-
surement system is experimentally determined. In chapter 6, the applica-
tions of the single-cycle exhaust soot measurement method vis-á-vis cycle-to-
cycle soot concentration variability and its correlations with the in-cylinder
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combustion processes are explored.
In chapter 7, the main results and findings from the previous chapters are

reviewed and their implications for engine soot measurement are highlighted.
Recommendations for future research are provided, and design modifications
meant to enhance the capabilities of the FEN or other similar light scattering
instruments are presented.
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Chapter 2

Review of engine PM
emission and measurement
methods

Techniques and procedures have been developed over the years to charac-
terize different aspects of PM emissions from internal combustion engines
(ICE), and are continuously evolving to meet the needs of the industry,
and guide the environmental policy and regulations. Most regulations re-
quire a cumulative PM measurement for the entire duration of tests; while,
high-speed techniques are more common in research and development to re-
solve transient emissions. There are, however, fewer cases of cycle-resolved
soot measurement in literature, which are almost exclusively limited to in-
cylinder optical diagnostics, and not carried out in the exhaust of metal
engines. The in-cylinder studies have shown that single-cycle soot emis-
sions are important, especially during transient engine operations which is
prevalent in real-world applications.

This chapter starts with a brief review of the in-cylinder soot formation
processes and pathways, and the resulting physical properties of soot formed
inside DI engines. Different techniques and the corresponding instrumenta-
tion for PM measurement are described, and some strategies developed to
mitigate the in-cylinder or exhaust PM emissions are reviewed. A consider-
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able portion of this chapter is dedicated to models for PM light scattering
and their applications and limitations. Particularly, the Rayleigh-Debye-
Gans model for fractal aggregates (RDGFA) is explained in more detail, as
it is reasonably simple and widely used and characterized in the literature,
and can be implemented with modest computational costs. Following this,
the inversion of light scattering measurements into soot concentration and
size are briefly discussed, and its implications for soot measurements with
the FEN are highlighted. The chapter ends with a summary of the reviewed
literature and the critical gaps therein, that are addressed in upcoming chap-
ters.

2.1 Formation and properties of particulate
matter from engines

Properties of soot strongly depend on its formation processes inside the
engine, which, in turn, depend on the combustion conditions. A detailed
description of the formation and transport of in-cylinder soot is still elusive
due to the complex chemical kinetics of soot precursors and the nucleation
processes, and the intricacies of particle-flow interactions in the highly tur-
bulent reacting fuel jets. Hence, experimental measurements play a major
role in the soot emission research. Here, the in-cylinder processes relevant
to soot formation and oxidation are reviewed, and the resulting properties
of the ICE-generated soot are discussed.

2.1.1 Chemical mechanisms and phenomenology in engines
Soot is formed in hot, locally fuel-rich regions, inside the combustion cham-
ber, and is mostly oxidized when passing the stoichiometric flame front.
Poly-cyclic aromatic hydrocarbon (PAH) species, formed during the fuel py-
rolysis, are considered the gaseous precursors to soot. Based on the current
models, these precursor molecules grow by absorbing more carbon atoms
through the hydrogen-abstraction-C2H2-addition (HACA) mechanism until
they form a distinct condensed phase, the nascent soot primary particles [56].
These primary spherules agglomerate to form chain-like aggregates which
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Figure 2.1: Transmission electron microscopy (TEM) image of soot
from the pilot-ignited direct-injection natural gas (PIDING) en-
gine used in this work. Primary particles are marked with red
circles

contain between a few to several hundred or thousands of primary particles.
Soot particles sampled from the exhaust of the pilot-ignited direct-injection
natural gas (PIDING) research engine used in this work are shown in Figure
2.1, demonstrating the structure of aggregates and their primary particles.

Much of the freshly formed soot undergoes simultaneous oxidation re-
actions by O2 and OH radicals [191], resulting in a significantly lower net
concentration than initially formed inside the flame. A complete model-
ing of soot evolution inside an engine demands using computational fluid
dynamics (CFD), including the PAH chemistry, and modeling the trans-
port and population balance of the particles [150]. Such an implementation
is demonstrated by Mosbach et al.. This is a computationally expensive
process and requires complex validation, such as with the in-cylinder rapid
sampling mechanism implemented in [135], which provided a qualitative
baseline for validation of the model, but was insufficient for a quantitative
validation. Thus, simpler models, such as the empirically-based two-step
soot formation-oxidation mechanism of Nishida and Hiroyasu are still pop-
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Figure 2.2: A conceptual model for the progression of soot formation
reactions including the precursor PAH species in DI diesel com-
bustion based on in-cylinder laser-sheet imaging, adapted from
[40] with permission from SAE.

ular for engine soot modeling [11, 12, 97, 103].
Breakthrough progress was made by using in-cylinder laser diagnostics

to develop a conceptual understanding of the DI diesel soot formation [40].
This study demonstrated that soot formation starts shortly downstream of
the fuel spray in the hot carbon-rich zones, shown in Figure 2.2, and is
mostly oxidized near the stoichiometric flame front. Similar techniques are
used to study the formation of soot in other combustion regimes ever since,
such as in the low-temperature combustion (LTC) of diesel [137], or in the
dual-fuel natural gas diesel combustion [101, 164].
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The properties of soot depend on the underlying formation-oxidation
processes inside the combustion chamber. Therefore, particles emitted dur-
ing different combustion conditions can differ substantially, as discussed
below.

2.1.2 Structure of soot including results from TEM
PM from DI engines consists of small (10 - 60 nm) primary particles, made
of elemental carbon (EC), forming a fractal-shaped aggregate, shown in
Figure 2.1. This solid core may be coated with condensed volatile and
semi-volatile organic compounds (VOC and SVOC)1 in the exhaust [61]. It
might also contain small amounts of inorganic material, such as sulfates and
metal oxides, from oil and fuel additives [96, 122, 139]. For the purpose of
this study, the exhaust-port PM is considered to be free of VOC or SVOC
coatings, justified by the high exhaust-port temperatures, exceeding 250 ◦C -
300 ◦C that prevents semi-volatile condensation. Such liquid coatings might
be generated as the exhaust cools down or mixed with cold air, which affects
diluted exhaust measurements as discussed in Chapter 4 and Chapter 6.

The optical properties of soot depend on its morphology, chemical com-
position, and nano-structure. The morphology of soot may be studied from
its projected transmission electron microscopy (TEM) images, such as the
sample in Figure 2.1. TEM images provide detailed information about the
aggregate length scales, such as projected area diameter (da) or radius of gy-
ration (Rg), and their correlations with the number and size of primary par-
ticles (Np and dp respectively) [22]. The particle-cluster and cluster-cluster
aggregation of primary particles inside the flame produces ramified struc-
tures, observed in figure 2.1, obeying the mass-fractal relation [132, 182].

Np = k f

(
2Rg

dp

)D f

(2.1)

Here, D f and k f are the fractal dimension and pre-factor. Particles formed
1Here, we follow the definitions of Giechaskiel et al.; in that, the VOC species are those

that condense below 100 ◦C, and SVOC are material that condense between 100 ◦C and
350 ◦C [61].
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in diffusion-limited cluster aggregation (DLCA) regime are shown to have
D f in the range 1.6 - 1.8 [108]. Other factors, such as the primary particle
overlap and necking due to surface growth reactions, affect the aggregation
process, resulting in a higher fractal dimension in the range 1.9 - 2.2 [145].

More recently, TEM analysis of soot aggregates has revealed that pri-
mary particles are relatively uniform within an aggregate, but vary between
aggregates [32]. By considering soot from various sources, a first-order
power-law correlation between the diameter of primary particles and ag-
gregates is established,

dp = dp,100

(
da[nm]

100

)DTEM

(2.2)

where dp,100 is the mean primary particle diameter of 100 nm aggregates, da

is the projected-area diameter, and DTEM is an exponent based on TEM im-
age analysis [146]. These observations suggest that each aggregate is formed
in a small region with relatively uniform conditions, and is later externally
mixed with other aggregates formed in different regions, also called the ex-
ternal mixing hypothesis (EMH) [146]. It suggests that larger aggregates
are formed in more fuel-rich regions, resulting in larger primary particles
and possibly different physicochemical properties.

The chemical composition and nano-structure of soot, too, depend on its
formation history inside the flame. Incipient and young soot contains higher
amounts of organic carbon due to the existing PAH molecules. As the forma-
tion reactions progress in the high-temperature fuel-rich regions, the ratio
of hydrogen-to-carbon atoms (H:C) decreases, and the carbon atoms start
to form small graphitic crystallites [20]. High-resolution TEM (HR-TEM)
images of flame soot from various fuels suggest that residence inside the high-
temperature fuel-rich regions produces larger, structured graphitic carbon
domains, yielding highly light-absorbing soot, while short residence times
and lower combustion temperatures promote amorphous carbon structures.
Examples of such structures are illustrated in Figure 2.3 [195].

The structure of carbon atoms determines the refractive index (RI) of
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Wrinkled amorphous carbon
structures formed at 1250  C.

Long parallel graphitic
structures fromed at 1650  C.

Figure 2.3: High-resolution TEM (HR-TEM) images of soot from
acetylene flames at 1250 ◦C (left) and 1650 ◦C (right), show-
ing the nano-structure of primary particles. Soot produced at
higher temperatures (right) has a more graphitic carbon struc-
ture, resulting in a higher absorption coefficient (κ). Figure is
adapted from [195], with permission from Elsevier.

soot, m = n+ iκ2, and affects its light absorption and scattering behaviour.
The large range of reported RI in the literature can be attributed to the
variation of soot chemical composition and nano-structure due to different
combustion conditions. A refractive index of m = 1.9 + 0.79i was rec-
ommended in a review paper by Bond and Bergstrom based on the data
published until 2006 [20]. It is, however, shown that this value must be
modified to account for recent measurements and modeling results of soot
mass-absorption cross section (MAC) from various flames [94, 118]. Raman
spectroscopy of soot from research burners indicate the ratio of disordered-
to-graphitic (D/G) carbon bonds decreases for larger aggregates [8, 36],
resulting in higher MAC values for larger particles presumably due to more
graphitic structures. Soot refractive indices from various sources in litera-
ture are summarized in Appendix B, and is revisited in Chapter 4.

Optical measurements rely on physical and morphological properties of
2The real part, n, is the ratio between the speed of light in vacuum and inside a material.

The imaginary part, κ, is related to the light absorption coefficient of the material.
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soot. Therefore, the effects of these properties on soot light absorption
and scattering must be considered when interpreting their measurements.
Below, various models for describing the interaction of particles with light
are elaborated, and their implications for soot measurement are discussed
in Section 2.4.4 and Chapter 4.

2.2 Interaction of particles with light
Aerosols interact with light and scatter or absorb the incident electromag-
netic (EM) radiation. The interactions between the particles and the inci-
dent electric field may be described by the scattering matrix S, with com-
ponents S1 - S4 in Equation 2.3, relating the components of the scattered
electric field (denoted by Es) to the incident electric field (denoted by Ei).(

Es,l

Es,r

)
=

eik(r−z)

−ikr

(
S2 S3

S4 S1

)(
Ei,l

Ei,r

)
(2.3)

Here, r is the particle-photodetector distance, z is the projected distance
along the propagation direction of the incident wave (Z axis), and k is the
wave number (2π/λ ) of the incident light. Subscripts “l” and “r” represent
the components of the electric field parallel and perpendicular to the scat-
tering plane, schematically shown in Figure 2.4. In this demonstration, a
photodetector is positioned on the scattering plane, at angle θ relative to
the incident wave vector, this direction defines the scattered wave vector
(ks =

2π
λ k̂s). The light scattering strongly depends on the size and shape of

particles; therefore, different models are needed to describe the wide-ranging
PM geometries and sizes, as briefly described here.

2.2.1 Particles with simple geometries
A small particle inside an electromagnetic field may be modeled as a dipole
oscillating with the field and producing light scattering patterns based on
the Rayleigh model. The components of the Rayleigh scattering matrix are
shown in Equation 2.4,
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Figure 2.4: The incident and scattered light propagation vectors (Ei

and Es), the scattering plane, and the normal and parallel unit
vectors are shown. The incident rays are in Z-direction, the
scattering angle is θ , and the subscripts r and l represent the
parallel and perpendicular directions to the scattering plane.

S1 =−ix3
p

(
m−1
m+2

)
(2.4a)

S2 =−ix3
p

(
m−1
m+2

)
cos(θ) (2.4b)

where S3 and S4 are zero, m is the complex refractive index, and xp is the
normalized diameter of the particle [82].
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xp = kap =
πdp

λ
(2.5)

In Equation 2.5, k = 2π/λ is the wave number of the incident light with
wavelength λ . The intensity of the scattered filed parallel and perpendicular
to the scattering plane are,

Il =
|S2|2

k2r2 Il,0 =
x6

p

k2r2

∣∣∣∣m2 −1
m2 +2

∣∣∣∣2 cos2(θ)cos2(αpol)I0 (2.6a)

Ir =
|S1|2

k2r2 Ir,0 =
x6

p

k2r2

∣∣∣∣m2 −1
m2 +2

∣∣∣∣2 sin2(αpol)I0 (2.6b)

where r is the distance from the particle to the detector (e.g. a photodiode),
I0 is the intensity of the incident light, and αpol is the angle of polarization
of the incident light relative to the scattering plane. The total intensity of
the scattered light is the sum of the two components in Equation 2.6. It
is common to use the “differential scattering cross section”, dσs

dΩ , instead of
intensity,

dσs,R

dΩ
=

x6
p

k2 F(m)
(
cos2(θ)cos2(αpol)+ sin2(αpol)

)
(2.7)

where F(m) is the Rayleigh scattering function defined in Equation 2.8.

F(m) =

∣∣∣∣m2 −1
m2 +2

∣∣∣∣2 (2.8)

The Rayleigh light absorption cross section, too, depends on xp, k, and m
[82],

σabs =
4π
k2 x3

pE(m) (2.9)

where E(m) is the Rayleigh absorption function.

E (m) = Im
(

m2 −1
m2 +2

)
(2.10)
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Light absorption is proportional to the volume of particles, due to the x3
p

factor. This is utilized to measure the volume concentration (or mass con-
centration given a known density) from light absorption, further explained
in Section 2.4.3.

The formulation given in Equations 2.7 - 2.10 depends on the size and
refractive index of particles and is valid for |m|xa << 1. Outside this limit,
more elaborate light scattering models are needed. Solutions to the Maxwell’s
equations exist for light scattering from spheres, ellipsoids, and other simple
geometric shapes. Here, Mie’s solution for light scattering of a sphere is dis-
cussed [19]. Using the mathematical formulation of Bohren and Huffman,
the diagonal components of the scattering matrix (S1 and S2) are

S1 = ∑
n

2n+1
n(n+1)

(anπn +bnτn) (2.11a)

S2 = ∑
n

2n+1
n(n+1)

(anτn +bnπn) (2.11b)

where, πn and τn are functions of cos(θ) and are related to the Legendre
function,

πn(cos(θ)) =
1

sin(θ)
P1

n (cos(θ)) (2.12a)

τn(cos(θ)) =
d

dθ
P1

n (cos(θ)) (2.12b)

while the coefficients an and bn depend on the normalized particle diameter
xp and the refractive index m.

an =
mψn(mxp)ψ ′

n(xp)−ψn(xp)ψ ′
n(mxp)

mψn(mxp)ξ ′(xp)−ξn(xp)ψ ′
n(mxp)

(2.13a)

bn =
ψn(mxp)ψ ′

n(xp)−mψn(xp)ψ ′
n(mxp)

ψn(mxp)ξ ′
n(xp)−mξn(xp)ψ ′

n(mxp)
(2.13b)

Here, ψ(x) and ξ (x) are defined based on the spherical harmonic Bessel
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functions of the first and second kind, with details provided in [19]. The
matrix obtained based on the series provided in Equations 2.11 describes
the light scattering intensity around a spherical particle.

Mie formulae are sometimes used to approximate the light scattering
from irregularly-shaped particles too. Jaggard et al. measured the light scat-
tering from sodium chloride aerosols, where their measurements for θ <90◦

were in close agreement with the Mie results, deviating mildly only for larger
angles [85]. We later employ this approximation to calculate the optical co-
efficient of FEN by measuring NaCl aerosols, described in Chapter 3, with
details provided in Appendix A. For soot aggregates, however, the Mie
light scattering model based on an aggregate-equivalent spherical diameter
produces inaccurate results [180]. Such applications require proper super-
position strategies based on the geometric features of fractal aggregates.

2.2.2 Light scattering from fractal aggregates
The aggregation processes inside a flame result in soot structures that re-
semble fractals; in that, they demonstrate fractal-like size-invariant proper-
ties, such as in Equation 2.1 [55, 132]. The Rayleigh-Debye-Gans model for
fractal aggregates (RDGFA), describes the light scattering by considering in-
dividual primary particles as Rayleigh scatterers (xp ∼ 0.2 - 0.3), assuming
they are unaffected by light-scattering from other primaries. The scattering
wave vector q with the magnitude expressed in Equation 2.14 describes the
RDGFA angular light scattering distribution around an aggregate.

q = 2k sin
(

θ
2

)
(2.14)

The net scattering field from an aggregate may be approximated as the
sum of light scattering from individual primary particles. This is formulated
as a double sum based on the distances between all primary particles, called
the structure factor S(q),

S(q) = N−2
N

∑
i

N

∑
j

eiq.(ri−rj) (2.15)
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where ri and r j are the positions of any primary particle pairs inside the
aggregate. This sum can be simplified in terms of the density autocorrelation
function, g(r) [26],

g(r) = Ar(D f −3)h
(

r
ζ

)
(2.16)

where D f is the fractal dimension, A is an appropriate scaling constant, and
h(r/ζ ) is a cutoff function, wherein ζ is a characteristic length of the aggre-
gate. Structure factors obtained based on different density auto-correlations
are reviewed by Sorensen, and compared in Figure 2.5. The structure fac-
tors based on a Gaussian cutoff function (G), and the models of Dobbins
and Megaridis (DM) [44] and Lin et al. (L) [114] in Equation 2.17 are quite
similar, with the maximum differences of up to 20% occurring at qRg ∼ 2,
shown in Figure 2.5.

SG(qRg) =1 F1

[
D f

2
,
3
2

;−
(qRg)

2

D f

]
(2.17a)

SDM(qRg) =


exp
(
− q2R2

g
3

)
q2R2

g ≤ 1.5D f(
3D f
2e

)D f
2
(qRg)

−D f q2R2
g > 1.5D f

(2.17b)

SL(qRg) =

[
1+

4

∑
s=1

Cs(qRg)
2s

]−D f /8

(2.17c)

In Equation 2.17, 1F1 is the hypergeometric function describing the struc-
ture factor with a Gaussian density auto-correlation cut-off. The coefficients
C1 - C4 in the model of Lin et al. are 8

3D f
, 2.5, -1.52, and 1.02, respectively,

and e is the Euler’s number in the model of Dobbins and Megaridis. The
simpler DM formulation highlights that for small qRg, the Guinier regime,
one can measure the aggregate size from the light scattering ratios in mul-
tiple angles [98], as the structure factor depends only on qRg.

The differential light scattering cross-section of an aggregate is calcu-
lated based on the cross sections of individual primary particles, dσp/dΩ,
corrected with the aggregate structure factor,
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Figure 2.5: Aggregate light scattering structure factors, S(qRg), for
different structure models. The structure factors based on the
Gaussian auto-correlation cut-off (G), and the models of Dob-
bins and Megaridis (DM), and Lin et al. (L) are in close agree-
ment. Figure is adapted from [182], with permission of Taylor
and Francis.

dσagg

dΩ
= N2

P
dσp

dΩ
S(qRg) (2.18)

where Np is the number of primary particles. Combining Equations 2.17-
2.18, one can calculate the magnitude and angular dependency of the light
scattering intensity around a fractal aggregate.

2.2.3 Considerations for polydisperse samples
The RDGFA light scattering model formulated in Equation 2.18 is for a
single aggregate size. For polydisperse aggregates, the size distribution has
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to be considered. Lognormal [73] and self-preserving scaling [57] size distri-
butions are proposed for polydisperse combustion soot. In this work, we use
the lognormal distribution assumption, as it models the whole size range,
and is demonstrated for engine soot in various studies [73], such as for the
research engine used in this work [65]. More detailed discussion of the log-
normal distribution and its integration into the light scattering calculations
are presented in Chapter 4.

The aggregates in a polydisperse sample span over a size range of 10 -
1000 nm. Since light scattering from an aggregate depends on d6

p (Equation
2.7), the variation of primary particle diameter is important and must be
considered. It is, however, common in the literature to assume a constant
primary particle diameter for all soot in a polydisperse sample. A more
appropriate description is one that considers the scaling correlations between
the size of primary particles and the aggregates, modeled in Equation 2.2
based on the EMH mode [146].

The theoretical background presented here provides a simple framework
to understand and interpret the light scattering and absorption measure-
ments, used in a range of instruments. Below, further considerations from
regulatory and research and development standpoints are presented, and
together with the material discussed in this section, provide a framework to
evaluate different ICE PM measurement methodologies.

2.3 Emission standards
The properties of engine-out PM may change in the exhaust system. The
particles coagulate, and as they grow larger, their number concentration
decreases. The VOC and SVOC compounds, such as unburned fuel, water
vapour, and engine oil form nucleation-mode PM or condense onto the ex-
isting soot [61]. Therefore, the condition of the exhaust-port sampling and
its location are important for reproducibility of the measurements, and is
further discussed here.
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2.3.1 Regulations
Exhaust PM emissions are controlled by legislations in response to their ad-
verse health effects. Since the introduction of the motor vehicle air-pollution
standards in the 1970’s, the regulations have become stricter and allow lower
PM emission for type approval. The standards differ based on the vehi-
cle application, weight, and sometimes the method of ignition. The heavy
duty (HD) on-road vehicles, relevant to this work, are tested on engine-
dynamometer setups, and their emissions are normalized by the engine out-
put work in units of bhp.hr or kWhr. The HD PM mass emission limits
have decreased over the years from higher than 0.6 g/kWhr in the 80’s to
less than 0.01 g/kWhr in the most recent regulations, as shown in Figure
2.6 [59]. Heavy-duty engines (primarily diesel) have been required to meet
these emissions standards based on their production year and intended mar-
ket. The recent EURO-VI standard includes a limit of 6×1011 #/kWhr on
solid particle number (SPN) emissions, and a not-to-exceed (NTE) limit for
real-drive emission tests (RDE), as well [42].

In early standards, engines were required to run on steady-state load-
speed modes, with enough dwell at each mode allowing for engine stabiliza-
tion [59]. Emissions during steady-state operation, however, grossly under-
represent the real-world emissions dominated by transient events. Soot, in
particular, is sensitive to sudden increases in engine load, with peak concen-
trations many times higher than the steady levels [70]. Recent standards
require transient engine-dyno testing to model the real-drive operations.

PM mass during a transient test is measured by extracting tail-pipe ex-
haust sample, transferred to a dilution tunnel to mix with particle-free air,
and collected onto filters for subsequent gravimetric weighing. To measure
the SPN, a diluted sample is passed through a volatile particle remover
(VPR) to remove the liquid volatile and semi-volatile material by heating
[25] or catalytic oxidation [1, 106], and the solid particles are measured by a
condensation particle counter (CPC). For consistency, particles larger than
2.5 µm are removed before the mass measurement, and particles smaller
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Figure 2.6: The evolution of the PM and NOx emission limits for
heavy-duty on-road engines (primarily diesel) between the years
1988 and 2015 for the North American, European, and Japanese
standards [59]. Reprinted by permission from Springer Nature
- Springer International Publishing, 4901030933623.

than 23 nm are not counted during the SPN measurement3 [60]. To fur-
ther enhance the reproducibility of the results, limits are set on the range
of dilution ratios, and on the temperatures of the dilution air. A 20% inter-
laboratory variability in mass and number measurements are still reported,
possibly due to artifacts related to rapid dilution or different sampling loca-
tions [61, 71].

2.3.2 PM mitigation
The exhaust emission limits are met by inhibiting the pathways of in-cylinder
soot formation and physically removing the PM from the exhaust stream.
A diesel particulate filter (DPF) removes 90-99% of the engine-out PM,
thereby significantly reducing its tail-pipe concentration [95]. Continuous

3A CPC for regulatory SPN measurement is required to have a counting efficiency of
less than 50% for 23-nm particles [60].
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PM loading on the filters increases the exhaust back pressure; hence, the
DPF-deposited soot has to be oxidized using continuous (passive) or pro-
grammed (active) regeneration mechanisms. The excess O2 in lean diesel ex-
haust or the NO2 generated in the diesel oxidation catalyst (DOC) are used
to burn the deposited soot at exhaust temperatures of 250◦C - 450◦C [68].
Often, passive methods are aided by active mechanisms, such as delaying
the combustion timing, injecting excess fuel into the exhaust, or electrically
heating the exhaust gases, to facilitate the DPF regeneration [7].

Much attention is directed towards reducing soot inside the combustion
chamber to alleviate the DPF regeneration penalties. High diesel injection
pressures possible with the modern common-rail systems reduces the in-
cylinder soot formation. Moreover, multiple-injections [49, 79] and partial
premixed combustion (PPCI) [50, 137] strategies are shown to further reduce
PM. Alternative fuels, such as natural gas with lower C-to-H ratio, are less
susceptible to high soot emissions [129]. Dual fuel combustion strategies,
such as port-fuel injected natural gas assisted with direct injection of diesel
reduces PM, but its application is limited by the reduced intake volumet-
ric efficiency and high CH4 emissions [92]. Direct-injection of natural gas
assisted with a pilot diesel injection (pilot-ignited direct-injection natural
gas or PIDING) is a promising method that has lower CH4 emissions than
port-injected dual-fuel natural gas engines, preserves the high torque and
fuel efficiency of diesel engines, while offering lower PM and CO2 emissions,
and allowing flexible fueling ratios [130].

2.4 PM measurement methods for engine
research and certification

PM emissions are characterized based on the different methods tailored to
the property being measured. Here, we review the measurement techniques
for PM number, mass, size, and optical properties and their relevance to the
research carried out in this work. Indirect optical measurements provide
fast response times, and are of interest for high-speed sensors. Particularly,
the light scattering method utilized in the FEN is elaborated in detail, and
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its application for exhaust PM measurement is discussed.

2.4.1 Number
Particle number emissions are important from a health perspective. While
the small nucleation-mode particles, formed in large numbers, do not signif-
icantly contribute to the total mass, they can penetrate deep into lungs and
carry carcinogenic material [112]. To characterize the number concentra-
tions, particles are either counted optically when crossing a beam of light,
or electrically by counting charged particles with an electrometer. In the
optical method, the main sample is diluted with clean air and the stream
is focused using sheath air to reduce the coincidence error. Small particles
scatter very little light, due to the d6 scattering dependency in the Rayleigh
regime (Equation2.7). Therefore, particles smaller than ∼ 300-500 nm are
not detected with regular optical particle counters (OPC). This size range
is very important for engine measurements, as it constitutes the soot accu-
mulation and nucleation modes [61].

Smaller detection limits are achievable by growing particles through con-
densation of supersaturated volatile vapour. A condensation particle counter
(CPC) can detect PM smaller than 10 nm, thereby measuring the nucleation
and accumulation modes of the exhaust PM [134]. The CPC-3025 by TSI
Inc. is an example of a commercially available CPC and is used along a
particle mobility classifier for size-resolved number concentrations in this
work. The CPC-3025 accepts PM concentrations of up to 105 #/cm3, and
counts particles larger than 3 nm [193].

PM number may also be measured by measuring the charges imparted
on particles with a unipolar particle charger, such as a high-voltage corona
needle. The charged particles are collected onto impactors or electrodes that
are connected to sensitive electrometers for measurement. This method is
less sensitive than the CPC, even with the 1 femto Ampere resolution of
modern electrometers. Moreover, the unipolar PM charging depends on
particle size and morphology [174], which must be considered when post-
processing the raw signals. The diffusion charging and electrical counting
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methods are coupled with size classifiers to produce PM size distribution,
as further discussed below.

2.4.2 Size distribution
Measuring PM size is common in air pollution, nanomaterial synthesis, and
PM epidemiological research. The 3D geometric properties of soot may be
determined from TEM images. The primary particle diameter (dp) is a key
geometric parameter in light scattering modeling, which can be determined
from manual processing of projected TEM images. This method, despite
its robustness and accuracy, is extremely time consuming. Therefore, auto-
matic algorithms such as the Hough transformation [67], Euclidian distance
mapping (EDM) [39], and pair-correlation method (PCM) [34] are developed
for this task. These algorithms are calibrated against the manual method,
yet variations as large as 10% or more in dp are reported between different
methods [3]. The PCM method of Dastanpour et al. is calibrated for the
PIDING engine soot used in this work, and is employed for the analysis of
TEM images in Chapter 4 and Chapter 6.

The TEM image-processing method gives detailed morphological infor-
mation about the aggregates, as discussed in Section 2.1.2, yet it is too
time consuming for most applications. Most often, a PM mobility or in-
ertial classifier coupled with a particle counter are used to resolve the PM
size distribution. As the classification process relies on the aerodynamic or
electrical forces on particles, it results in different classifications for particle
size. Here, these methods are reviewed and their differences are highlighted.

Mobility diameter

The mobility diameter (dm) is perhaps the most commonly used characteris-
tic size of PM, as it is directly related to the aerodynamic drag on particles,
Fd ,

Fd =
3πµUdm

Cc
(2.19)
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where the numerator is the Stokes drag force on a sphere with diameter dm, as
a function of the particle-gas relative velocity (U) and the dynamic viscosity
of the surrounding gas (µ). In the denominator, Cc is the slip correction
factor, accounting for deviations from the continuum gas behaviour for small
particles [54].

Cc = 1+Kn
[

1.257+0.40exp
(
−1.10

Kn

)]
(2.20)

The size of particles relative to the mean-free-path of the surrounding
air molecules is characterized by the Knudsen number (Kn).

Kn =
2λair

dm
(2.21)

Small particles with large Kn (free molecular regime) are affected by the
thermal motion of air molecules, and behave differently from large parti-
cles in the continuum regime (small Kn). The relationship between the
mobility diameter (dm) of soot and the number and size of its primary par-
ticles depends on the Knudsen number. Mobility diameter is similar to
the projected-area diameter (da) in the free molecular regime and well into
the transition regime, while it becomes considerably larger than da in the
continuum regime [183].

The mobility diameter is practically determined from measuring the tra-
jectory of charged particles inside an electric field, such as in the scan-
ning mobility particle spectrometer (SMPS) used in this work. Electrically
charged PM enters a differential mobility analyzer (DMA), where it drifts
in a cylindrical electric field used to separate particles in a narrow range of
electrical mobility (Z) which are subsequently counted [53]. In order to con-
vert Z into dm, the electric charge on particles must be known. Charging of
PM takes place inside a radioactive Kr-85 or a soft X-ray neutralizer (such as
TSI 3054 and 3088) placed before the DMA, producing a bipolar PM charge
distribution, determined based on the Fuchs-Wiedensohler model [200]. The
strength of the electric field inside the DMA is changed with time to scan
different dm. This method provides a finely resolved size distribution with
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up to 64 size bins per decade. The trade-off, however, is the long scan time
which is in the order 30 s to few minutes for a full spectrum [192].

The measurement response time may be improved by simultaneously
measuring different particle sizes. This is often achieved by using a number
of fixed electrodes connected to electrometers measuring the PM electric
charge. The differential mobility spectrometer (DMS-500) by Cambustion
Ltd. and the engine exhaust particle sizer (EEPS) by TSI Inc. utilize
this method to resolve the PM size distribution with a sub-second time
resolutions. The unipolary charged particles enter a voltage trap where
excess gaseous ions are removed, then migrate across an electric field and
impact on electrodes where their electric charge is measured [89, 163]. The
inversion of the electrometer signals into dm is complex, as it relies on the
size-dependent efficiency of the unipolar diffusion charger [174].

The DMS 500 and EEPS contain 26 - 32 size channels, and resolve parti-
cle sizes in the ranges of 5 - 1000 nm and 5 - 560 nm, respectively. Here, the
much faster response time, needed for transient engine measurements, comes
at the cost of lower resolution and less accurate signal inversion compared
to the SMPS.

Aerodynamic diameter

The motion of a particle in a changing flow, such as in a bend or an impinging
jet on a plate, depends on particle inertia. The inertial behaviour of a
particle is described by the Stokes number.

St =
ρd2CcU

18µL
(2.22)

The parameters d and ρ are the diameter and the density of the particle,
and L is the geometric length scale of the flow. Since ρ might change with
the particle size, the aerodynamic diameter, dad , is defined as the diameter
of a unit-density (1 g/cm3) sphere with the same Stokes number. The aero-
dynamic diameter is used to characterize the particle sampling losses [46]
and deposition in human longs and other surfaces [187].

The electrical low-pressure impactor (ELPI) uses unipolar particle charg-
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ing and a cascade impactor to measure PM based on its aerodynamic diam-
eter (dad). The ELPI+ by Dekati Inc. contains 14 impactor stages which
collect particles in the 16 nm - 10 µm dad range [86]. This wide size range
comes at the cost of poor resolution, especially for the ultrafine PM in en-
gine exhaust. The inversion of the electrometer signals to concentration
is an intricate process, as the unipolar charging efficiency is a function of
dm, while the particle classification is based on dad [125]. This is partially
addressed in the Dekati Mass Monitor (DMM) by including a mobility an-
alyzer column to measure particles with dm <30 nm, while the rest of the
sample is classified with cascade impactors similar to the ELPI+ [121]. The
information obtained from the number and size measurement of soot can be
used to indirectly calculate its mass, for example, by determining the soot
effective density from combined dm and dad measurements [124].

2.4.3 Mass
The exhaust PM mass is collected on filters during regulatory tests, and is
gravimetrically weighed to check the emissions compliance. This, however,
requires a long sampling time to collect detectable mass and does not resolve
changes in the PM concentration during transient events.

Time-resolved PM mass concentration may be obtained from tapered el-
ement oscillating microbalance (TEOM) [62] or quartz crystal microbalance
(QCM) [75], where PM mass loading changes the oscillation frequency of a
filter. The time resolution of these methods depends on the concentration,
and is too slow to resolve fast engine transients. Indirectly, the measure-
ments of PM size and number, described in Section 2.4.2, can be converted
to mass based on the particle density. The effective density of soot is size-
dependent and may be obtained from simultaneous particle mobility and
aerodynamic diameter measurement [124], or from direct particle mass cou-
pled with dm classification [47, 65]. A power-law correlation between the soot
effective density and mobility diameter is evident based on these methods.
The diffusion charging process, too, is size-dependent, and may be used as a
surrogate for PM mass, such as in the Pegassor soot sensor (PSS) [144]. The
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limited accuracy of this method is offset by its fast response time and ability
to continuously sample the raw exhaust flow [4]. Higher time resolutions are
possible with optical methods, and further discussed below.

Particles, depending on their chemical makeup, absorb and scatter light.
The BC-PM is strongly light-absorbing, a property that is harmful for en-
vironment, but useful for its measurements! The light absorption by soot
aggregates may be correlated to their mass (see Section 2.4.4, Equation 2.9).
The laser-induced incandescence (LII) and the photo-acoustic soot sensing
(PASS) are techniques for measuring soot mass concentration from light ab-
sorption. In LII, the soot particles are heated to 2000-4000 K, their mass
concentration is measured from the thermal light emission intensity, and
their primary particle size is obtained from the decay of light intensity sig-
nal due to cooling [169, 170]. In the photoacoustic method too, modulated
laser heating of soot and the subsequent thermal expansions and contrac-
tions of the surrounding air generates acoustic waves which are correlated
to the soot mass concentration [160, 168]. The PASS signal may be gener-
ated with lower laser powers, since unlike the LII, milder temperatures are
acceptable.

The LII-300 by Artium Scientific Inc. and the micro soot sensor (MSS)
by AVL are commercially available LII and PASS sensors, respectively. The
PASS method is sensitive to acoustic noise in the environment and varia-
tions in the sample flow rate, and cannot be used for engine exhaust-port
measurements. LII, on the other hand, is not affected by acoustic noise, and
thus, is used for direct raw exhaust sampling, even before the turbocharger
where large excursions exist [196, 202]. The inversion of the LII signal,
however, is complex and is prone to variations of soot optical properties
[116, 178].

Mass concentration may also be obtained from light attenuation. Par-
ticles can be collected onto filters, where the filter blackness indicates the
amount of accumulated mass [72, 142], This is a slow process due to the time
required for sufficient loading of optically detectable soot. The particle-in-air
light attenuation, however, is faster and can resolve sub-second variations
of the soot extinction coefficient (kext) for transient engine measurements
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[111, 176].
Light scattering in nephelometers and photometers is yet another tech-

nique for indirect PM mass concentration measurement. The light scat-
tering of soot depends on the its refractive index, size, and morphology,
as discussed in Sections 2.1.2 and 2.2. Therefore, calibrated instruments
with standard dust may not be suitable for engine soot measurement. The
Dusttrak by TSI Inc., calibrated with A1 Arizona test dust (ISO 12103-
1) [194], is a single-angle photometer frequently used for engine PM [29].
The changing PM size and morphology between different engine operating
points, however, affects light scattering and can produce inaccurate results
from single-angle light-scattering instruments such as the Dusttrak [123].
The multi-angle light scattering addresses some of these shortcomings when
the effects of soot morphology are considered in data inversion, but it re-
quires involved calibration procedures for the light scattering models used
for the inversion.

2.4.4 Optical methods and the challenge of data inversion
The RDGFA model, introduced in Section 2.2.2, is simple and computation-
ally fast, but as a first-order approximation, it does not consider multiple
scattering inside an aggregate. Solving the Maxwell’s equations for light
scattering of a particle, on the other hand, is highly accurate but compu-
tationally intractable. To enhance the computational performance, without
sacrificing the accuracy, complex particles are modeled based on the super-
position of accurate EM solutions for simple geometries. The multi-sphere
T-matrix (MSTM) [120] and the generalized multi-sphere Mie (GMM) [204]
models, for example, compute the light scattering of primary particles using
the superposition of harmonic spherical functions (e.g. Equation 2.12) to
determine the near and far-field light scattering. These models give accurate
scattering and absorption cross sections by considering multiple scattering
from primary particles inside an aggregate.

The MSTM and GMM models are suitable for aggregates with point-
touching spherical primary particles. Real aggregates with overlapping pri-
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mary particles, necking around the connecting edges, and liquid coatings
cannot be modeled with these methods. In such cases, particles are mod-
eled as an ensemble of oscillating dipoles, in a method called the discrete
dipole approximation (DDA) [45]. Here, each primary particle is divided
into polarizable sub-volumes affected by the incident EM field (Ei) and a
secondary field due to the oscillation of other dipoles (Ed). The DDA may
be used to model more complex geometries and internally mixed aerosols,
such as soot with overlapping primary particles [205] or with liquid coating
due to condensation [117, 181]. Its result, however, are not exact as they
approximate the EM field, and are sensitive to the density of dipoles and
their polarizability [115].

The optical cross sections of randomly oriented particles encountered in
experimental measurements require averaging many MSTM and DDA real-
izations based on different aggregate orientations. The number of operations
in the MSTM light scattering computations for each aggregate realization
scales with Nα

p , where α is between 2 and 3 [45, 120]. This computational
time is prohibitive especially when computing the light scattering of poly-
disperse aggregates. The computational cost of DDA is even higher due to
the number of dipoles needed to model each primary particle [115]. Fur-
thermore, implementing the DDA method for point-touching aggregates in-
troduces errors in the range of 10% due to sharp changes in the EM field
near the touching points. The MSTM method is, therefore, preferred due to
favourable computational cost and accuracy when modeling point-touching
aggregates. The effects of primary particle overlap, necking, and coating,
on the other hand, cannot be modeled in MSTM and requires the DDA
simulations [117, 205].

The RDGFA model, despite its shortcomings, is popular thanks to its
simplicity and low computational cost. Errors in the RDGFA model can be
characterized based on the results of the orientationally-averaged MSTM or
DDA computations, and used to improve its accuracy. For point-touching
fractal aggregates, the error depends on the normalized primary particle
diameter, xp, the refractive index m, and the number of primary particles
Np. The contours shown in the left panel of Figure 2.7 demonstrate the
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Figure 2.7: Errors in the RDGFA based on more accurate light scat-
tering models. Left panel: Error of the RDGFA total scattering
cross section in regions I, II, and III, are less than 10%, be-
tween 10% and 30%, and more than 30%, respectively. The red
ellipse marks the range of soot encountered in this work. Fig-
ure is adapted from [51], by permission of the Optical Society
of America. Right panel: The forward light scattering intensity
ratio between the MSTM and the RDGFA. The black and green
crosses mark a 100 nm and 400 nm soot aggregate respectively.
Figure is adapted from [184], by permission of Elsevier.

RDGFA errors in the |m−1| - xp space for an aggregate containing 64 pri-
mary particles [51]. More recently, Sorensen et al. studied the deviations of
the RDGFA from the MSTM model for numerically generated fractal aggre-
gates as a function of the optical phase shift ρ ′, shown in the right panel of
Figure 2.7. The ranges of engine soot encountered in this work are marked
on both panels, and the structural RDGFA errors are further discussed in
Appendix F.

ρ ′
agg = kdp

∣∣∣∣m2 −1
m2 +2

∣∣∣∣N0.08
p (2.23)

In light scattering experiments, soot properties such as the total con-
centration, the moments of size distribution, or the fractal properties are
usually unknown, while the light scattering intensities at multiple angles
or different wavelengths are measured. The relation between the measured
light scattering and the size and concentration is convoluted into an integral
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equation,

g(θ) =C
∫ ∞

0
P(x,Rg)K(x,Rg,θ)dRg (2.24)

where x is the vector of unknowns, such as the size distribution or fractal
parameter, K is the convolution kernel constructed based on a light scat-
tering model (e.g. RDGFA or MSTM), g is the vector of measured values,
such as light scattering intensities at multiple angles, and C is a calibration
coefficient modeling the characteristics of the light scattering instrument.
The deconvolution of x from the integral equation based on the measured
g and the kernel K is called the light scattering inversion. It is more con-
structive to write Equation 2.24 in a discretized matrix form Kx = g and
solve it numerically. This, however, results in an ill-posed system of equa-
tions, since the number of unknowns is typically more than the measured
intensities [24]. Additional constraints based on prior information about the
population or morphology of aggregates has to be introduced to stabilize the
inversion.

Methods based on least square estimation (LSE) may result in a large
set of solutions that are equally likely based on the minimization criteria,
and cannot be distinguished from one another considering the measurement
uncertainties. Instead, methods based on maximum a posteriori probability
(MAP) use the Bayesian statistics to find the unknowns x based on the
measurements g, i.e. P(x|g) in Equation 2.25.

P(x|g) = P(g|x)P(x)
P(g)

(2.25)

Here, P(g|x) is the likelihood of obtaining the light scattering measurements
g given known polydisperse parameters x, P(x) is the prior information about
the PM sample such as its morphology or the shape of size distribution, and
P(g) is a scaling factor. The effects of measurement noise, and systematic
errors in the light scattering model embedded in the kernel K, are considered
in the likelihood function P(g|x) [133], while the prior information, such as
smoothness and non-negativity of the size distribution are implemented in
P(x) [24].
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The Bayesian method accepts general priors such as the ones mentioned
above; however, often this is not sufficient to converge to a concentration,
and specific information, such as lognormal size distribution assumption, are
necessary. This is demonstrated in the inversion of measurements from a
wide-angle light scattering (WALS) instrument, where the Bayesian tech-
nique is employed to determine the mean size and standard deviation (dm,g

and σm,g) of lognormal polydisperse soot, along with the fractal dimension
and pre-factor (D f and k f in Equation 2.1) [80]. When a lognormal polydis-
persity is assumed and P(x) is enhanced by tandem morphological data from
TEM, the results of the Bayesian inversion are close to the LSE method [24].
One could argue that the Bayesian MAP has the advantage of determining
the uncertainty bounds based on the probability distribution of the recov-
ered results. While true, it can be shown that similar information may be
recovered from the LSE method, coupled with a sensitivity analysis based
on the perturbation of inputs [98]. The latter is used to characterize the
uncertainty of light scattering inversion method employed in this work, and
is discussed in Chapter 4.

2.4.5 Summary of PM measurement techniques
The methods reviewed in the previous sections are frequently used in liter-
ature to characterize the engine exhaust PM. Their results, however, might
differ depending on the methodologies, range, resolution, and the response
time of the instruments used to carry out the measurements. Differences of
a factor of 2 or more in the concentration of PM is observed in simultaneous
measurements during engine transient tests with an ELPI, DMS-500, and an
EEPS [167]. Lower ELPI PM mass concentrations compared to the gravi-
metric TEOM and light-absorption LII measurements are reported in other
studies [161, 201], most likely due to uncertainties in the soot effective den-
sity and low size resolution of ELPI for the accumulation-mode diesel soot.
Further complications might also arise due to different transient response
times of different instruments.

The response time of an instrument largely depends on its internal vol-
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ume and flow rates. The ELPI, for instance, has a response time of 1 s,
and instruments such as the DMS-500 and EEPS have response times in the
range 0.2 - 0.5 s [163, 167]. This does not consider the effects of mixing inside
the engine exhaust path, or inside the sampling lines. The combined effects
of the instrument and sampling location may be determined from the rate
of change of the measured signal to controlled changes in the PM concentra-
tion. Using this approach, the response times of a DMS-500, a PASS (AVL
micro soot sensor), an opacimeter (AVL), and an LII sensor (Artium) are
compared. The opacimeter and the PASS were shown to have similar 50%
- 100% response times close to 1 second, and where slightly slower than the
DMS-500 which had a 50%-100% response time of 0.6 - 0.9 s. The LII was
the only instrument able to measure PM before the turbocharger and had
the shortest (0.3 - 0.6 s) response time [196]. This case study demonstrates
the combined effects due to the specifications of the instruments, and their
ability to sample close to the source of emission for faster response times.
Fast ex situ and in situ exhaust LII measurements are reported elsewhere
too [202], as highlighted in Table 2.1. A summary of the instruments and
the methodologies reviewed in this chapter is provided in Table 2.1.

Evidently, the optical methods such as LII and light scattering could be
used for fast measurements at the exhaust port. The in-situ exhaust mea-
surements by Witze et al. revealed large fluctuations in the LII signal, but
the underlying causes for the variations were not explained nor investigated.
The light scattering method, too, is used for ex- and in-situ exhaust mea-
surements. The application of a two-angle light scattering instrument with
fast exhaust dilution, soottrack, is demonstrated for diesel exhaust measure-
ments [78]. Moreover, in situ raw exhaust light scattering measurements by
Parks et al. demonstrated cycle-resolved and cylinder-specific data, their
results, however, were limited to qualitative demonstrations rather than
quantitative comparisons [154]. These optical methods could potentially be
utilized for quantitative cycle-resolved engine-out PM, a potential that is ex-
plored in this work using the method of light scattering with the FEN, and
demonstrated on an engine-dynamometer test facility at different operating
conditions.
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Table 2.1: Comparison of the different instruments for engine PM
measurement reviewed in this chapter.

Quantity Instrument Measurement method Response
time

Number OPC Optical particle counting 1 s
CPC Condensation growth and optical count-

ing 1 s

Mobility di-
ameter SMPS Electrostatic mobility classification and

counting with CPC 0.5 - 3 min

DMS-500
Diffusion charging, electrical mobility
classification, and electrometer charge
measurement

0.5 - 1.0 s∗

EEPS Similar to DMS-500 0.5 - 1.0 s∗

Aerodyn.
diameter

ELPI Diffusion charging, inertial classification,
and electrometer measurement 1 s

Projected
diameter

TEM Thermophoretic sampling, TEM image
processing for da, dp, and Rg

30 s - 1 min

Gravimetric
mass Filters Filters are gravimetrically weighed ∼ 30 mins

TEOM Filter oscillation frequency 10 s - 1 min

Indirect
mass PASS Laser light absorption, subsequent

acoustic pressure measurement 1 s∗

LII‡ Laser light absorption, subsequent ther-
mal emission measurement 0.3 - 0.6 s∗

Smokemeter Light attenuation due to BC filter load-
ing 10 - 30 s

Opacimeter Light attenuation in particle-laden gas 1 s∗
Light scat-
tering

Single or multi-angle elastic light scat-
tering 0.1 - 1 s†

PSS‡ Diffusion charging, and measuring the
escaped current 0.5 s

∗ Response times are based on [163, 167, 196]
† The range is due to the different LS instruments in literature.
‡ Can measure raw exhaust soot.
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2.5 Outlook
The complex in-cylinder soot formation-oxidation processes are difficult to
model, and require expensive and complex optically accessible engines for
experimental validation. The soot formation and oxidation depend on mix-
ture formation and combustion, which vary during transient operation of an
engine, and produce highly variable soot emissions that cannot be resolved
with current exhaust PM instruments.

In this chapter, methods commonly used for measuring the number,
size, and mass of PM are discussed, and the conversion between different
measurements are explained. The mass concentration is a common proxy for
the health and climate impacts of the engine-emitted PM, and is measured
directly (gravimetric) or indirectly. The indirect methods tend to have faster
response times, such as in the optical instruments. Nonetheless, the inversion
of the optically-measured mass is non-trivial, as it depends on the size,
morphology, and physical properties of PM. Multi-angle light scattering is a
promising method to measure the PM mass, while simultaneously providing
information about its size and morphology.

The RDGFA model predicts the soot light scattering for a wide range
of aggregate sizes and optical properties, and is computationally efficient.
The simplicity of the RDGFA model compared to the elaborate MSTM
or DDA models is especially critical for the polydisperse soot calculations
encountered in most measurements. Further improvements can be made by
incorporating the EMH morphology model to account for the enlargement
of the primary particles with the aggregate size. Such improvements can
be crucial, considering that the model errors are amplified in the process of
inversion.

The response time of the current PM instrumentation is insufficient to
resolve the cycle-by-cycle variations of emissions. Fast response times, nec-
essary for the cycle-resolved measurements, require sampling close to the
exhaust valve, using a short sampling tube. Due to the high PM concentra-
tions, high exhaust temperature, and strong fluctuations in the flow, the raw
exhaust-port soot measurement has been limited to a few qualitative stud-
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ies in the literature. To fill this gap, a new methodology with a reasonable
quantitative accuracy is demonstrated in Chapter 4, and implemented on
a single-cylinder research engine (SCRE) for measuring the cycle-resolved
exhaust soot and its correlations with the in-cylinder pressure in Chapter 5
and Chapter 6. The single-cycle capability of this method makes it a use-
ful tool for characterizing the transient emissions, where single cycles can
affect the engine calibration results. More advanced inline engine controls
applications, e.g. by virtual soot sensors [11, 12], might also benefit from
our proposed method during the tuning process, but require considerable
research efforts and is outside the scope of this work.
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Chapter 3

Experimental research
facility

The research carried out in this work takes an experimental approach to
characterize single-cycle engine-out soot emissions based the light scatter-
ing technique. The exhaust-port soot generated by a research engine on
a dynamometer test-bed is sampled and measured with the Fast Exhaust
Nephelometer (FEN). The FEN is characterized based on reference instru-
ments for PM size, mass, and morphology. Here, a detailed description and
the operating procedures for the FEN, the research engine, and the PM in-
strumentation are laid out. The characteristics of the FEN as a PM sensor
for steady and transient samples are briefly demonstrated, and the engine
operating points used throughout this study are summarized.

3.1 Fast Exhaust Nephelometer (FEN)
The FEN consists of an aluminum block with two perpendicular internal
bores for the flow of the soot-laden sample and the passage of a laser beam.
The light passes through the exhaust sample at the center of the FEN block,
and the scattered light from the polydisperse sample in this intersection
volume is recorded using photodetectors, as shown in Figure 3.1. A 250 mW,
405 nm laser beam is collimated with a lens. Moreover, five successively finer
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aperture disks are used to trim the beam cross section to avoid stray light
reflections, especially at the beam entrance and exit of the measurement
chamber. The aperture disks also act as spacers between the laser diode
and the sampled flow (which might be hot, polluted or both) inside the
FEN measurement chamber.

The scattered light is measured at three cone angles of 30◦ positioned
at 45◦, 90◦, and 135◦ relative to the beam path, as shown in Figure 3.1.
At the end of each cone, the scattered light is focused using two successive
biconvex lenses with focal lengths of 50 mm and 25.4 mm (Thorlabs LB1471
and LB1761) onto silicon photodetectors (Throlabs PDA36A). The FEN
measurement chamber has an internal volume of 20 cm3 for the passage of
the sampled flow, of which, 0.2 cm3 is illuminated by the 405-nm laser beam
called the optical volume. The optical components are protected against the
hot engine exhaust and soot fouling by continuously purging the FEN with
clean air. When making measurements, the purge air is temporarily shut
off to avoid disturbing the exhaust flow inside the FEN, and is re-enabled
after the measurement is completed.

The power of the laser beam is measured using a handheld power meter
(Sper scientific) between the engine measurement campaigns, and indicated
a stable 250±20 mW beam power. The temperature of the FEN is kept con-
stant at 65-70 ◦C using a cartridge heater and a thermocouple inserted into
the aluminum block, and the temperature of the exhaust sample (Tsample) is
measured at the outlet of the FEN with an exposed-tip thermocouple and
varies between 190 ◦C and 230 ◦C. The pressure inside the FEN chamber is
kept near-atmospheric using an excess-port at its outlet, and the effect of
temperature on the density of the sample is factored in by multiplying the
measured soot concentrations by Tsample+273

298 .

3.2 Research engine facility
The research conducted in this work is carried out using the facility in
the Clean Energy Research Center (CERC) at the University of British
Columbia (UBC). The CERC clean combustion facility includes advanced
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(a) FEN hardware
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(b) FEN computer model

Figure 3.1: A photo of the FEN showing its key components (top),
and a computer model demonstrating its internal features (bot-
tom). The particles in the measurement chamber are illumi-
nated with a laser beam and their scattered light is focused on
the three photodetectors.
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engine diagnostics to research alternative fuels and advanced combustion
strategies, and to characterize engine emissions. Here, the details of the
research engine and the supporting instrumentation for characterizing the
combustion, fuel-air thermochemistry, and exhaust emissions are laid out.

3.2.1 Single-cylinder research engine (SCRE)
The soot particles studied here are generated by a pilot-ignited direct-
injection natural gas (PIDING) single-cylinder research engine (SCRE) on a
dynamometer test-bed. The SCRE is based on a production 6-cylinder, 2.5
L/cyl. Cummins-ISX-451 engine, modified to fire only one cylinder (closest
to flywheel). Engine torque and speed are controlled with a water-cooled
eddy current dissipation GE dynamometer, also linked to a variable fre-
quency drive (VFD) electric motor to assist during cold start. The facil-
ity utilizes a first-generation Westport Fuel Systems high-pressure direct-
injection (HPDI) injector to enable direct injection of natural gas that is
ignited by a pilot diesel [48, 131]. The majority of fuel energy (95% or
more) is from natural gas, and the diesel pilot serves as an ignition source.
Elevated exhaust and intake air pressures simulate turbocharged operation,
and the engine is equipped with a cooled exhaust gas recirculation (EGR)
system, similar to modern compression ignition engines. This configura-
tion allows more flexibility in setting the combustion air and the EGR flow
rates independently, allowing to operate the engine in conditions meant for
research, which are generally different from standard production engines.

Direct injection of natural gas leads to relatively low, but non-negligible,
formation of particulate matter [90]. Especially at high loads, the combus-
tion process can be altered from its optimal configuration to generate higher
levels of engine-out soot, for example by reducing injection pressure or low-
ering the air-fuel ratio [155]. In this configuration, the FEN is mounted near
the SCRE exhaust and connected to its exhaust-port with a sampling tube,
shown in Figure 3.2.

The SCRE is also equipped with a water-cooled Kistler model 6067C
piezo-electric sensor connected to a charge-amplifier for high-speed in-cylinder
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Figure 3.2: The FEN mounted for SCRE exhaust-port sampling.

Table 3.1: Specifications of the high-speed pressure sensors imple-
mented for SCRE measurements.

Sensor make
and model Application Specifications

Kistler 6067C
Piezo-electric sensor
for in-cylinder
pressure
measurement.

0 - 250 bar range, -25 pC/bar sensitiv-
ity, natural frequency of 90 kHz, water-
cooled with an operating temperature
range of -50 - +350 ◦C [105].

PCB
1501C02EZ

High-speed intake
manifold pressure
measurement.

0 - 170 kPa range, faster than 1 ms
response time, compensated operating
temperature range of -20 - +80 ◦C, and
an accuracy of ±0.25% FS [157].

Omega
PX4201-100GV

Silicon-on-sapphire
sensor for high-speed
exhaust-port pressure
measurement.

0 - 690 kPa range, 0.2 ms response time
(63%), 0.25% FS accuracy including lin-
earity and hysteresis, and a temperature
range -50 - +120 ◦C [149].

pressure measurements. The amplified signal from the in-cylinder sensor is
equalized with an intake manifold pressure (piezo-resistive PCB piezotron-
ics 1501C02EZ), at the intake stroke bottom dead center (BDC) of each
cycle [105, 157, 177]. This enables measuring the quantitative in-cylinder
pressure between the intake valve closing (IVC) and exhaust valve opening
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(EVO), which is crucial for engine load, efficiency, and combustion calcula-
tions. The exhaust manifold pressure is also measured with a fast-response
Omega PX4201-100GV pressure sensor, used to assist the interpretation of
FEN light scattering signals, discussed in Chapter 5. Specifications of the
pressure sensors used for the intake and exhaust manifold and the in-cylinder
pressure measurements are summarized in Table 3.1.

3.2.2 Instrumentation and data acquisition
To monitor and control the engine operating condition, characterize the in-
cylinder combustion, and measure exhaust emissions, SCRE is instrumented
with various sensors, wired to a National Instruments NI CDAQ-9188 chas-
sis. The data acquisition (DAQ) chassis is equipped with several boards
listed in Table 3.2, to accommodate the various types of sensors and differ-
ent data acquisition speeds required to characterize the engine operation.
The pressures, temperatures, and flowrates of air, fuel lines, exhaust, and
EGR are needed to monitor the engine condition and determine the combus-
tion air-fuel ratio (AFR). These are marked with light blue colour in Figure
3.3, and recorded on boards NI-9205 and NI-9213 with a 1 Hz acquisition
rate.

Signals which require high-speed acquisition, such as the PDA36A FEN
photodetectors and the index signal for the laser diode are recorded on
high-speed DAQ boards (NI-9215), synchronous with 0.5◦ pulses of an op-
tical crank-shaft encoder. Other crank-angle-resolved signals include the
in-cylinder, intake- and exhaust-port pressures (Pcyl, Pint , and Pexh in Figure
3.3), used for calculating the cycle-resolved in-cylinder pressure and heat-
release parameters, explained in Section 3.2.4, and determine the effects of
exhaust pressure fluctuations on FEN light scattering traces, discussed in
Chapter 5. Details about the instrumentation and DAQ system is provided
in Table 3.2.

When the FEN is mounted for SCRE exhaust-port measurements, shown
in Figures 3.2 and 3.3 (with black outline), its sampling tube protrudes
into the exhaust pipe for head-on (θ = 0) PM sampling. In this mode, the
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Table 3.2: Specifications of the data acquisition system.

DAQ
board/module Specifications Signals acquired

NI-9205
(1 Hz temporal
resolution)

16 differential analog
inputs, 250 kS/s, does not
support simultaneous
sampling at clock ticks, 16
bits resolution.

Intake air and exhaust surge tank
pressures, intake air flowmeter dif-
ferential pressure, fuel rails pres-
sures and mass flowrates (light blue
colours in Figure 3.3).

NI-9213
(1 Hz temporal
resolution)

16 thermocouple inputs,
75 S/s, supports all
standard thermocouples,
nominal accuracy 0.77 ◦C.

Intake air, EGR, and exhaust tem-
peratures. Fuel line, engine oil, and
coolant temperatures (light blue
colours in Figure 3.3).

NI-9215
(0.5◦
crank-angle
resolution)

4 differential analog
inputs, 100 kS/s/ch,
supports simultaneous
sampling at clock ticks, 16
bits resolution.

Crank-angle-resolved signals: In-
cylinder, and intake- and exhaust-
port pressures (Pcyl , Pint , and Pexh
in Figure 3.3), the FEN PDA36A
photodetector voltage and the laser
diode electric current signals.

NI-9375
16 digital input-only, and
16 digital output-only
channels, 7 µs maximum
update rate.

SCRE emergency shut-down input
signals.

FEN crank-angle-resolved light scattering intensities are processed to de-
termine the cycle-specific soot concentrations, discussed in Chapter 5 and
Chapter 6 in detail. In the calibration mode, the FEN (shown with gray
outline in Figure 3.3) measures steady samples of diluted exhaust, and its
signals are recorded on a separate DAQ (National Instruments BNC-2120).
The recorded light-scattering signals are averaged, post-processed with an
inversion algorithm, and compared against the low-speed reference PM in-
struments introduced in Section 3.3.

3.2.3 Gaseous emissions
The exhaust gaseous emissions of SCRE are measured with an AVL CEB-II
gas analyzer bench. Water vapour is removed from the sample, so the mea-
sured concentrations are on a dry basis. The engine EGR and equivalence
ratio (ϕ) are calculated based on the intake and exhaust CO2 and O2 con-
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centrations measured with the AVL CEB-II. The exhaust CO2 is also used
for calculating the dilution ratio of the PM samples, explained in Section
3.3.1.

The gaseous pollutants, namely the concentrations of CO, NOx, CH4,
and other unburned hydrocarbons (collectively labeled uHC) are also mea-
sured with the CEB-II analyzer. The CO, similar to CO2, is measured using
a non-dispersive infrared (NDIR) cell. The concentrations of CH4 and uHC
are measured inside a flame ionization detector (FID), based on the electric
current generated by carbon atoms of unburned hydrocarbon molecules in
an otherwise carbon-free hydrogen flame [186]. The oxides of nitrogen (NO
and NO2, collectively called NOx) are measured in a chemiluminescence cell
based on the photochemical reactions between nitric oxide (NO) and ozone
[13]. The emissions from the engine operating points tested in this study
are reported in Section 3.5 and monitored for engine repeatability.

3.2.4 Combustion characterization
In-cylinder combustion is characterized using the crank-angle-resolved cylin-
der pressure. Gross indicated mean effective pressure (GIMEP) is calculated
based on the work done by the in-cylinder gases on the piston during the
IVC to EVO period.

GIMEP =
1

Vd

∫ θEVO

θIVC

Pcyl(θ)dV (θ) (3.1)

Here, Pcyl is the cylinder pressure, measured with the piezo-electric sensor,
and V (θ) is the combustion chamber volume at the crank-shaft angular
position θ . Other metrics for characterizing the combustion are the net
heat release rate (net HRR), the rate of fuel energy conversion obtained
from the cylinder pressure, and the net integrated heat release (net IHR), the
cumulative energy released during the combustion. HRR and IHR quantities
are defined in Equations 3.2 - 3.3,

HRR(θ) =
γ

γ −1
Pcyl(θ)

dV (θ)
dθ

+
1

γ −1
V

dPcyl(θ)
dθ

(3.2)
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IHR(θ) =
∫ θ

θIVC

HRR(θ ∗)dθ ∗ (3.3)

where, γ is the specific heat ratio of the cylinder gases [76]. The crank-angle
at which half of the total fuel energy is released, θ50, is defined so that
IHR(θ50) =

IHR(θEVO)
2 and used to characterize the phasing of combustion.

GIMEP, and θ50 are used in the subsequent chapters to study the combus-
tion, characterize its cyclic variability, and investigate its correlations with
cycle-resolved soot emissions.

3.3 PM characterization
PM emission from SCRE is characterized based on steady measurements
of diluted samples, as well as with the exhaust-port FEN light scattering.
Below, the conditions of the exhaust sampling and dilution, and the details of
PM instruments and their layout during SCRE measurements are presented.

3.3.1 Exhaust sampling and dilution
To characterize the soot measurement methodology developed for the FEN,
diluted samples from exhaust-port and down-stream of the exhaust system
are measured and compare with the raw exhaust-port FEN measurements.
The SCRE exhaust passes through 10 m long, 5 cm nominal diameter piping,
and a 500 L surge tank before sampled for gaseous and the down-stream
PM emissions measurements. For exhaust-port diluted measurements, the
exhaust of the FEN is quickly routed to a dilution tunnel, where it is mixed
with HEPA-filtered air as shown in Figure 3.3. The diluted sample from
this point represents the exhaust-port soot more closely and is better-suited
for the validation of the FEN during exhaust-port measurements.

The sample extracted down-stream of the surge tank (post-surge-tank or
PST) is mixed with heated (60 ◦C) clean air using an ejector that provides
an initial dilution ratio of ∼ 5. The diluted sample from the ejector is further
diluted with extra air (at room temperature) introduced in a tee branch to
provide a suitable PM concentration for instruments. The dilution ratio of
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the PST sample can vary between 5 to more than 100, which is particu-
larly useful when calibrating the FEN for mass concentration measurement,
as it allows a wider range and more control over the measured concentra-
tions, necessary for exploring the dynamic range of the FEN, elaborated in
Chapter 4. The exhaust-port sample (EXP), on the other hand, is diluted
in a single step using an ejector nozzle with a fixed dilution ratio of 20:1.
This sample is used for validating the exhaust-port FEN measurements, and
characterizing the morphology and size of the exhaust-port PM, and is also
compared with the down-stream soot samples.

The dilution ratio (DR) is calculated from Equation 3.4,

DR =
[CO2]r,d (1− [H2O]exh)− [CO2]BG

[CO2]dl,w − [CO2]BG
(3.4)

where the CO2 concentration of the diluted (dl) sample is measured on a
wet (w) basis, and in the raw (r) engine exhaust stream is measured on a dry
(d) basis (from AVL CEB-II), and a background (BG) CO2 concentration
of 420 ppm is assumed for the dilution air. The diluted CO2 concentrations
from the EXP and the PST samples are measured with LI-COR LI-820 and
California Analytical model-100 CO2 analyzers, respectively (schematically
represented by the LR-CO2 block in Figure 3.3). Both sensors are calibrated
at the beginning of each test day with zero (high-purity N2), 2500 ppm (for
LI-820), and 8000 ppm (for California Analytical) CO2 concentration gases.
The wet CO2 concentration of the raw exhaust is calculated based on the
CEB-II dry CO2 measurement, corrected for the exhaust water concentra-
tion, hence the (1 - [H2O]exh) factor in the numerator of Equation 3.4. The
exhaust water concentration is calculated based on the fuel composition
(assuming H:C ratio of 1.79 and 3.83 for diesel and natural gas) and the
combustion equivalence ratio (ϕ) [131, 156].

The diluted sample is thermally denuded by heating to 200 ◦C - 250 ◦C,
and then cooling it down to ambient temperature. The thermodenuder used
here is based on the design of [25], and has been extensively characterized
in our laboratory [156]. During the heating process, the condensed VOC
and SVOC contents are evaporated, which are subsequently condensed or
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adsorbed onto the walls of the cooling secition. Due to the flowrate re-
strictions of the thermodenuder, gravimetric filters are collected from the
undenuded sample. The gravimetric mass concentrations, thus, might be
affected by the SVOC and VOC material in the sample and could differ
from the denuded measurements due to PM losses in the thermodenuder.
The effect of the VOC and SVOC removal is discussed in Chapter 4 and
Chapter 6, and the thermodenuder losses are characterized in Appendix C,
and discussed in Chapter 4.

3.3.2 PM instrumentation
The FEN light scattering measurements are validated against reference meth-
ods and commercial instruments with traceable calibrations, used for mea-
suring diluted exhaust. In particular, particle mass, number, size, mor-
phology, and light scattering are characterized for the SCRE PM emissions.
Gravimetric mass concentration is measured by collecting PM on PTFE fil-
ters which are subsequently weighed in an automated micro-balance device
(Mettler-Toledo MT5, accurate to ± 6 µg). Instruments such as the AVL
micro soot sensor (MSS) or smoke meter (AVL 415S) are commonly used in
automotive applications to measure the mass concentration of black carbon
particles. Unfortunately, we did not have access to such instruments, and
limited our mass measurements to the total PM mass concentration based
on gravimetric filter method, further explained in Chapter 4 and Chapter 6.

The mobility diameter distribution is measured with a TSI SMPS-3080
equipped with a custom-made DMA, set for 180 s scan times. Moreover, soot
aggregates are collected onto 3 mm carbon-coated copper grids (Ted Pella
Inc.) using a thermophoretic sampler for transmission electron microscopy
(TEM) imaging. Soot projected area and radius of gyration are measured
from the TEM images based on the method of [22], the primary particle
diameters are determined based on the automated algorithm of [34] and
verified with manually sized primary particle diameters. A TSI Dusttrak
photometer is used to measure light scattering PM mass concentration. The
condensed liquids are removed from the samples of the SMPS, Dusttrak,
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and the TEM thermophoretic sampler streams using the thermodenuder
introduced in Section 3.3.1. Further details about the PM instrumentation
is provided in Table 3.3.

Table 3.3: Specifications of the PM instrumentation for diluted ex-
haust soot measurements.

Instrument Purpose Specifications

Emfab Filters,
Pall Co.

Collecting PM for
gravimetric mass
measurement

Fiber-reinforced Teflon. Sample flow
rate controlled with an orifice and mea-
sured with a MB-50SLPM Alicat Scien-
tific mass flow meter.

SMPS 3080,
TSI Inc.

Soot mobility
diameter
measurement

Uses a custom-made Differential Mobil-
ity Analyzer (DMA), with sheath and
sample flow rates set up for 14-680 nm
particle diameter range, and a CPC-3025
for particle counting.

TEM H7600,
Hitachi

Imaging soot
aggregates for
morphological
analysis

Using an AMX XR50 CCD camera, it has
0.35 nm point-to-point resolution and
50-200 kx magnification. Samples col-
lected on 3 mm copper grids (Ted Pella
Inc.) using a thermophoretic sampler.

Dusttrak-II,
TSI Inc.

PM mass
concentration from
light scattering

Calibrated with Arizona road-dust, pro-
duces 1-Hz concentration time series.

Thermodenuder Removing condensed
semi-volatiles

Heats the sample to 200 ◦C and then
cools it to remove the semi-volatiles.

3.4 Practical considerations for PM measurement
with the FEN

Measuring PM mass concentration and size with the FEN depends on the
optical and morphological properties of particles, the optical characteris-
tics of FEN, and the thermomechanical conditions of the engine exhaust.
The key parameters and considerations related to these measurements are
introduced here, and detailed discussions are ensued in the next chapters.
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3.4.1 FEN as an optical PM sensor
FEN measures the scattered light from the particles crossing the laser beam
in its measurement chamber. Three silicon-based photodetectors measure
the scattered light in the 350 - 1100 nm range. The responsivity of the
photodiodes, i.e. the ratio of the generated photocurrent to the incident light
power (P0) [190], varies across this range, as shown in Figure 3.4. At the laser
wavelength (405 nm) used in the FEN, the responsivity of the photodetectors
is low (∼0.16 A/W) and highly sensitive to the wavelength, due to the steep
slope of the graph shown in Figure 3.4 at 405 nm. The output voltages from
the amplified photodetectors (V ) are converted to optical power, based on
the responsivity and amplifier gain,

P[nW] =
V [V]

1500×10
G
20 ×Rλ

×109
[

nW
W

]
(3.5)

where G is the amplifier gain (nominally set at 70 dB), Rλ is the photodiode
responsivity (Figure 3.4) at a wavelength λ , and P is the optical power in
nW.

The scattered light power depends on the mass concentration of PM (Cm)
and probe volume viewed by each photodetector (Vθ , only a few percent of
the total 0.2 cm3 optical volume). The product of the laser beam intensity
and the probe volume (I0Vθ ), or equivalently the product of the laser beam
power P0 and the probe length viewed by each detector (P0Lθ ), is the FEN-
specific parameter in Equation 3.6, relating the measured scattered light to
the soot mass concentration.

Pθ = P0Lθ (MSCθ )Cm (3.6)

The mass scattering cross-section (MSC) is defined as the ratio between
the light scattering cross section (σscat) and particle mass, further discussed
in Chapter 4. The probe length Lθ scales with 1/sin(θ) and therefore is
slightly different for each detection angle [148]. Moreover, correction fac-
tors are needed due to the FEN walls partially blocking the scattered light
rays, and the effects of light collection optics, such as the responsivity of
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Figure 3.4: The responsivity (Rλ ) of the PDA36A photodiode in the
wavelength range 350-1100 nm [190]. At 405 nm, Rλ is 0.16 and
very sensitive to the wavelength.

the photodiodes, the transmission losses of the lenses, and imperfect light
focusing (e.g. due to aberration) on photodiodes. These parameters are
independent of the aerosols measured and hardly vary over time. Namely,
the effective beam path length, Lθ , depends on the geometric specifications
of the FEN, the laser beam power is measured with a handheld power meter
(Sper Scientific pocket laser power meter – 840011) before and after the en-
gine measurements and shows a stable beam power of 250 mW. Soot fouling
on lenses can deteriorate the optical performance, but a purge air system in
the FEN is designed to prevent that.

The compounded effect of these parameters, rather than the effect of
each individual factor, is important in the conversion of light scattering
into mass concentration. The FEN optical coefficient, ΛFEN , introduced in
Equation 3.7, models the effect of these instrument-related parameters in
mass concentration calculations.

Pθ = ΛFEN,θ (MSCθ )Cm (3.7)
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This coefficient was determined by simultaneously measuring the PM mass,
MSC, and light scattering of sodium chloride aerosols. The mass concen-
tration (Cm) of an NaCl aerosol stream was measured by collecting filters
for gravimetric analysis, its MSC was characterized based on mobility mea-
surements with SMPS and Mie light scattering calculations similar to the
method of [85], and Pθ was measured by FEN. Details of the calibration
procedures employed for determining ΛFEN are discussed in Appendix A,
resulting in optical coefficient values of 8.6×10−5, 7.2×10−5, and 9.3×10−5

Wm for ΛFEN,45, ΛFEN,90, and ΛFEN,135, respectively. The optical coefficient
might change over time, due to soot fouling on the lenses or deterioration
of the laser diode. Using purge-air during engine tests (when not mak-
ing measurements), and cleaning the focusing lenses after raw exhaust-port
measurements prevents the deterioration of ΛFEN . Moreover, drifts in the
performance of the laser diode may be detected and accounted for by measur-
ing the laser beam power regularly, and re-calibrating the FEN in intervals
or 3 - 6 months or 100 hours of raw exhaust measurements.

3.4.2 FEN as an exhaust soot sensor
To demonstrate the utility of the FEN for soot measurement, it is first
compared to another light scattering instrument. To this end, preliminary
proof-of-concept tests are carried out, where diluted SCRE exhaust is si-
multaneously measured with a Dusttrak-DRX alongside the FEN, and its
results are shown in Figure 3.5.

The thermodenuded PST exhaust sample is used for this comparison,
where the PM concentration at a given operating point is varied by changing
the dilution ratio, possible with the PST system. The Dusttrak-DRX works
based on 90◦ light scattering measurement and is factory-calibrated with
A1 Arizona test dust (ISO 12103-1), and has a user-adjustable calibration
constant for other particles [194]. The data in Figure 3.5 demonstrates that
the light scattering response on the 45◦ and 135◦ photodetectors, P45 and
P135 respectively, vary linearly with the Dusttrak light scattering soot mass
concentration. The small offset in the least-square regression lines suggests
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Figure 3.5: The FEN light scattering (vertical axes) produced due
to diluted SCRE exhaust soot, measured on the 45◦ (left) and
135◦ (right) photodetectors, and compared with concentrations
measured with the Dusttrak-DRX photometer. Figure adapted
from [99].

that concentrations below 1 mg/m3 cannot be accurately measured with the
FEN, as the light scattering is too weak and might be affected by background
and noise on the photodetectors [99].

The preliminary results show that the response of the FEN is similar to
the light-scattering Dusttrak-DRX mass concentration measurements, which
is widely used in the literature. Nonetheless, the correlation between light
scattering and gravimetric soot mass concentration is complex and requires
information about the morphology and properties of soot. This is evident
from the deviations in the Dusttrak-measured soot concentrations and the
gravimetric method for diesel soot, and particularly for PIDING-HPDI soot
[156]. Therefore, a methodology for inversion of the FEN three-angle light
scattering signals into soot concentration is developed and elaborated in
Chapter 4, which considers the variations in the morphology and size of
aggregates, and characterizes the uncertainties in the inverted results.

While FEN can measure steady soot concentrations, the cycle-resolved
measurements require fast response-times and is affected by the conditions
of the exhaust port. Preliminary, proof-of-concept data during exhaust-port
measurement is shown in Figure 3.6. Here, light scattering traces from 45
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Figure 3.6: The FEN three-angle light scattering measurement of
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todetector signal is plotted during 45 engine cycles. Individual
cycles are highlighted by alternating black and grey traces, the
cycle numbers are shown on the horizontal axis, and the laser-
off periods are bounded by vertical dashes. [98].

consecutive engine cycles are shown, where cycle indices are marked on the
horizontal axis, and the alternating black and grey colours are employed to
separate the successive cycles.

The FEN traces, shown in Figure 3.6, have dynamic intra-cycle features,
as well as significant cycle-cycle variations. These preliminary light scat-
tering measurements suggest large cycle-to-cycle variations can exist, even
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during a fixed operating point, and are further discussed Chapter 5 and
Chapter 6. Background light-scattering signals, collected by motoring the
engine and measuring clean air, were stable and in the range of 0-20 nW as
demonstrated in an earlier work [99], and are subtracted from the measured
light intensities during fired tests, such as in Figure 3.6.

3.5 Engine operating points
Cycle-resolved exhaust soot emission and its correlations with in-cylinder
combustion are investigated for the engine operating points listed in Table
3.4. The test matrix provided here is designed for an exploratory inves-
tigation, rather an engine parametric study. The points in Table 3.4 are
operated in steady-state modes to validate the FEN results with diluted
soot measurements, and study the cycle-cycle variabilities. Some points are
also repeated in an intermittent “skip-firing” mode to explore the transient
response time of the FEN. The former is discussed in Chapter 4 and Chap-
ter 6, and the latter is presented in Chapter 5.

Table 3.4: SCRE operating points tested for the FEN calibrations and
the single-cycle exhaust-port measurement.

Engine point Engine speed GIMEP θ50 ϕ EGR Pexh
[RPM] [bar] [◦aTDC] [-] [%] [kPa-a]

1 1335 16.0 12.7 0.65 19 276
2 1350 16.0 12.7 0.55 12 285
3 1350 15.5 15.5 0.54 13 270
4 1350 15.5 20.0 0.75 22 275
5 1350 16.0 20.0 0.65 15 268
6 1500 11.8 11.2 0.55 20 222
7 1200 12.2 10.0 0.70 0 196
8 890 9.9 11.3 0.53 46 223
9 1350 13.0 21.5 0.90 20 227

To produce sufficient amounts of soot for detection with the FEN, all
operating points have mid-high ϕ compared to standard lean-burn diesel
operation and have a range of EGR, shown in Table 3.4. For this exploratory
study, only limited sweeps of ϕ , EGR, and θ50 are considered. Point 9 has
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an excessively high ϕ of 0.9, meant to generate very high soot concentrations
needed for calibrating the FEN with diluted exhaust in Chapter 4, and is
not tested during the exhaust-port measurements.

The concentration of the gaseous and particulate pollutants for these
engine points are reported in Table 3.5 to highlight the differences between
the operating points. A detailed discussion of the gaseous emissions is out-
side the scope of this research, and the data in Table 3.5 are only meant to
provide insight into the operating conditions explored here. The PM emis-
sions, however, are extensively studied for these operating points, and their
results are discussed in the subsequent chapters.

Table 3.5: The concentration of gaseous and particulate exhaust emis-
sions. Numbers are the mean values from multiple repetitions of
each operating point. Further details about the PM concentra-
tions are provided in Chapter 4 and Chapter 6.

Engine point CO2
† CH4

† uHC† CO† NOx
† PM‡

[%] [ppm] [ppm] [ppm] [ppm] [mg/m3]
1 7.85 223 95 3840 182 65
2 6.72 129 48 1030 326 19
3 6.53 137 60 750 228 9.5
4 9.48 137 58 3015 72 27
5 8.10 95 42 809 140 9.5
6 6.85 224 98 1578 182 29
7 8.27 50 62 2235 740 18
8 8.65 410 178 4914 29 96
9 11.03 148 53 10843 59 80

† Measured with AVL CEB-II on a dry basis.
‡ Measured from the PST sample based on the gravimetric method.

3.6 Summary
The experimental facility, the key apparatus, and the instruments used to
carry out the research presented in this work are introduced and elabo-
rated in this chapter. This investigation is conducted with the FEN imple-
mented to measure the exhaust soot from a single-cylinder research engine
(SCRE) equipped with the HPDI fueling system and operated under the
PIDING combustion. The SCRE is equipped with high-speed sensors en-
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abling single-cycle in-cylinder combustion characterization using standard
thermodynamic metrics, such as GIMEP and θ50, to be compared with the
single-cycle exhaust-port FEN results. The instrumentation and its setup
for characterizing diluted SCRE soot is introduced, and its results are used
to validate the FEN light scattering measurements in the next chapters.

Preliminary proof-of-concept results demonstrate the feasibility of the
FEN as a PM sensor. FEN responds to changes of soot concentration simi-
larly to a commercial light scattering instrument, the Dusttrak. Moreover,
early demonstrations suggest that cycle-resolved information might be re-
trievable from exhaust-port FEN light scattering traces, a novel feature that
is further explored in this work. Measurements conducted with the FEN are
intended to provide quantitative concentrations, utilized to characterize the
cycle-resolve engine-out soot and its correlations with the underlying in-
cylinder combustion performance.
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Chapter 4

Development and validation
of a three-angle light
scattering method for soot
measurement1

4.1 Overview
The FEN simultaneously measures the light scattering intensity at three an-
gles to infer the mass concentration (Cm), the geometric mass mean mobility
diameter (dm,g), and the geometric standard deviation (σm,g) of polydisperse
soot. A kernel is used to determine Cm, dm,g, and σm,g based on lookup tables
generated with the RDGFA model. The model incorporates the variation of
the primary particle size (dp) with aggregate size (da), and nine parameters
related to the soot properties, and one to the FEN optics. These parameters
are determined a priori from literature and TEM. The inverted Cm and dm,g

are within ±10% of the gravimetric mass concentration and SMPS mobility
1This chapter is based on the work published in Aerosol Science and Technology

Kheirkhah P, Baldelli A, Kirchen P, and Rogak S. 2020. “Development and validation of
a multi-angle light scattering method for fast engine soot mass and size measurements”
[98], with minor modifications for the continuity of the thesis.
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diameter. This, however, largely depends on the choice of the parameters
used to generate the lookup tables. A parametric study shows the inferred
mass is most sensitive to uncertainties in the soot refractive index, the pri-
mary particle size, and the fractal pre-factor k f . Considering the wide range
of soot refractive indices in the literature and the sensitivity of the mor-
phological parameters to the processing of soot images, the uncertainty in
mass concentration would be over 40%. Because of this, a novel approach of
relating the size of primary particles to the size of aggregates is incorporated
for the first time in the light scattering model, and reduces the uncertainty
to ±25-30%.

4.2 Introduction
While it was shown in Chapter 3 that the response of the FEN photode-
tectors correlates linearly with the Dusttrak measurements, converting light
scattering intensities based on such linear calibrations can introduce large
errors in the recovered concentrations. Indeed, it is shown that discrepan-
cies could exist between the measurements of the Dusttrak compared to the
gravimetric diesel or HPDI soot concentrations [123, 156]. Light scatter-
ing from soot and other agglomerated PM strongly depends on their size,
morphology, and optical properties. Therefore, multi-angle measurements
coupled with light scattering models that consider the soot morphology and
optical properties are needed for accurate soot concentration measurements
with the FEN.

Multi-angle light scattering ratio has been used in the past to infer
the size and concentration of combustion soot in experiments [38, 83, 91].
These systems, however, are developed for stationary laboratory flames,
not transient engines, and are validated with information recovered from
TEM micrographs. Complex systems such as the Wide-Angle Light Scat-
tering (WALS) apparatus developed by Oltmann et al., or the rotating arm
goniometer configurations employed by Caumont-Prim et al. can provide
detailed information about the mean soot radius of gyration and fractal di-
mension, but their use has been limited to stationary laminar or weakly
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turbulent flames and not engines [27, 147, 148].
The SootTrack demonstrated by Holve et al. can measure the exhaust

soot from practical combustion power plants, such as diesel engines or gas
turbines, based on a 2-angle light scattering principle using two fixed photo-
detectors [78]. Nonetheless, simplified assumptions regarding the properties
and morphology of soot was shown to produce uncertainties in the recov-
ered concentrations and particle sizes. In particular, the polydispersity of
primary particles is rarely addressed in the light scattering literature, while
research suggests that it affects the light scattering cross section of aggre-
gates [36]. This issue is addressed here based on a model that correlates the
size of the primary particles with the aggregates, suggested by Olfert and
Rogak based on the EMH model[146].

Here, a methodology that can be used for FEN or other multi-angle
light scattering instruments is illustrated and validated with reference PM
measurements. The three-angle light scattering is used to obtain the mass
concentration (Cm), the mass-averaged geometric mean mobility diameter
(dm,g), and the geometric standard deviation (σm,g) of polydisperse soot.
The data inversion relies on tabulated kernel functions generated using the
RDGFA light scattering model with the EMH morphology model, incorpo-
rating a correlation between the primary particle and aggregate diameters
[146]. The forward or direct counterpart to this data inversion problem is
to calculate the light scattering for many given soot populations, character-
ized by different σm,g and dm,g, using the RDGFA+EMH model, and store
the light scattering data in lookup tables. The tables are used to post-
process the FEN light scattering measurements, particularly to solve the
inverse problem of finding soot concentration and mean diameter based on
the measured light scattering intensities.

The current approach relies on 9 parameters to describe soot proper-
ties, and one that models the FEN optics. Four of the soot parameters are
experimentally determined with TEM. The FEN optical coefficient, ΛFEN

introduced in Chapter 3, is determined from the gravimetric mass and mo-
bility measurements of sodium chloride particles, and the rest are taken
from the most recent literature. Based on the light scattering measure-
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ments, the inversion algorithm searches the lookup tables to find the proper
σm,g, dm,g, and Cm. To determine the accuracy of the method, the inverted
light scattering results are compared with the gravimetric filter mass and
the SMPS measurements. As Cm and dm,g are sensitive to the choice of the
RDGFA+EMH soot parameters, a sensitivity study is undertaken, where
new lookup tables are generated for perturbations of each parameter and
the resulting Cm and dm,g are compared with the baseline inversion results.

4.3 Research methodology
The inversion of FEN signals requires a model for the morphology of parti-
cles, as well as a related model for light scattering. With this information,
mass concentration, mass-median diameter, and geometric standard devi-
ation can be determined iteratively. These quantities are compared with
standard methods for diluted aerosols produced by the SCRE operating at
steady state.

4.3.1 Soot morphology modeling
The particle morphology affects light scattering and also the relation be-
tween mobility diameter and mass, which are the researched parameters.
Soot typically exhibits a fractal-like structure as an aggregate of primary
particles. Figure 4.1 shows a TEM image of a soot aggregate sampled from
PIDING SCRE engine used in this work. The geometric properties of soot
aggregates can be obtained from their 2D projected images, such as the
sample in Figure 4.1 [9, 22].

The aggregate projected area and its equivalent diameter (da) can be de-
termined from images. The number of the primary particles in an aggregate
(Np) is correlated to the diameter of the primary particles (dp), obtained
from the method of [34], and the diameter of the aggregate (da),

Np = kα

(
da

dp

)2Dα

(4.1)

where Dα and kα are the projected-area exponent and the pre-factor obtained
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Figure 4.1: TEM image of a soot particle from the SCRE. The solid
(black) line marks the boundary of the soot. The dash-dotted
(blue) line marks the projected area equivalent diameter, da,
and the dashed (red) line marks the primary particle diameter,
dp.

numerically or experimentally [22, 108]. Here, they are taken as 1.1 and 1.13
respectively, based on previous soot measurements from the same research
engine [35].

It has been observed that larger aggregates tend to have larger primary
particles, but only recently it has been proposed to use a power-law relation
to describe the variation of the primary particle size with the aggregate
diameter [146],

dp = dp,100

(
da[nm]

100

)DT EM

(4.2)

where some deviations from the correlation might occur at the very small
aggregate size limits, as discussed in Section 4.5.1 (Figure 4.4). Here, dp,100

is the average primary particle diameter for a 100 nm aggregate, and DT EM

is the correlation exponent. These parameters vary little over a wide range
of soot sources [146], but in the present work they are determined from soot
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samples obtained from the SCRE. The resulting soot mass concentrations
and sizes based on the variable primary particle model in Equation 4.2 are
compared with constant primary particle morphology models in Sections
4.5.3 and 4.5.4. Equations 4.1 and 4.2 can be used to calculate the size
and number of the primary particles in an aggregate of known da. The
projected-area diameter is nearly equal to the mobility diameter (dm, which
can be measured with an SMPS) in the free molecular and well into the
transition regimes [165]. Using the correlations recommended by Sorensen,
the difference between da and dm is negligible for mobility diameters below
200 nm, and might reach to up to 20% (underestimating dm) for aggregates
in the range 400-500 nm. It is, however, shown in Section 4.5.4 that errors
in the light scattering inversion due to the dm ∼ da assumption are in the
order of 10% and have little influence on the validation process.

From the relations above and the model developed by Eggersdorfer et al.,
the relation between particle mass and mobility can be determined [47].

magg =
π
6

ρe f f d3
m (4.3)

ρe f f =
6km

πdDm−3
m

(4.4)

The soot effective density (ρe f f ) decreases with aggregate size for mass mo-
bility exponents (Dm) less than 3 (which is the case for soot). Based on
Equations 4.1 - 4.4, Dm and the mass-mobility pre-factor (km) are expressed
in terms of the previously-introduced exponents and pre-factors,

Dm = 2Dα (1−DT EM)+3DT EM (4.5)

km =
π
6

ρpkα

(
dp,100[nm]

100DT EM

)(3−2Dα )

(4.6)

where ρp is the density of the primary particles and is in the range of 1700
- 1800 kg/m3 (1790 kg/m3 is used here) [17, 151].

The relationship between the number of primary particles and the radius
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of gyration (Rg) of the aggregate is given by Meakin based on the fractal
theory [132],

Np = k f

(
2Rg

dp

)D f

(4.7)

where D f and k f are the fractal dimension and pre-factor of an aggregate,
respectively, and are determined here from TEM image analysis. Using
Equations 4.1 - 4.7, the radius of gyration can be calculated for each mobility
diameter. The numerical values of these parameters can change for different
combustion regimes, fuels, or engines; thus, source-specific morphological
characterization may be necessary for accurate light-scattering calculations.
Further details about the soot sizing parameters are provided in Appendix B
and Appendix D.

4.3.2 Soot light scattering modeling
The light scattering from soot aggregates (the main constituent of the diesel
exhaust PM) is often modelled with the RDGFA model [44]. Compared to
more detailed soot light scattering models such as the multi-sphere T-Matrix
(MSTM) or the discrete dipole approximation (DDA), the RDGFA model
can result in errors, as discussed in Chapter 2 with details in Appendix F, but
has a significantly lower computational cost [133]. On average, a difference
of 15% in the differential scattering cross section between the RDGFA and
the MSTM calculations is expected based on the FEN laser wavelength (405
nm) and the soot sizes studied in this work (see Chapter 2 Figure 2.5). The
light scattering cross section of an aggregate (σa) is expressed in terms of
the light scattering cross sections of its constituent primary particles (σp),

σp(θ) =
x6

p

k2 F(m)
(
sin2 α + cos2 α cos2 θ

)
Ω (4.8)

σa(θ) = N2
pσp(θ)S (qRg) (4.9)

where the scattered light in a solid angle Ω positioned at angle θ relative
to the incident light beam is considered. The scattering wave vector q is re-
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lated to the incident wave number k and the scattering angle θ according to
q = 2k sin(θ/2). The light scattering cross section of the primary particles is
based on the Rayleigh model assuming a linear polarization of the incident
light (typical for laser diodes, as used here) at angle α out of the scattering
plane (α was ∼ 45◦ for the FEN laser assembly), and xp is the normalized
particle size, i.e. πdp

λ . In Equation 4.9, F is the Rayleigh scattering func-
tion, defined in Chapter 2 (Equation 2.8), where m = n+ iκ is the complex
refractive index of the soot primary particles [19, 82].

The structure factor S, described in Chapter 2 Equations 2.15 - 2.17 de-
pends on the product qRg and describes the angular distribution of the scat-
tered light from an aggregate. Based on the model of Dobbins and Megaridis,
S decreases exponentially with q2R2

g For small qRg, i.e. the Guinier regime,
and is in the power-law regime for large qRg. Assuming a smooth transition
between the two regimes, the structure factor is described by Equation 4.10,
where e is the Euler’s number.

S (qRg) =


exp
(
− q2R2

g
3

)
q2R2

g ≤ 1.5D f(
3D f
2e

)D f
2
(qRg)

−D f q2R2
g > 1.5D f

(4.10)

Other functional forms that describe the soot structure factor are reviewed
in Chapter 2. In this work, Equation 4.10 is used in the baseline RDGFA
model and its results are compared with the structure factor proposed by
Lin et al. (see Chapter 2 Equation 2.17) in Sections 4.5.3 and 4.5.4.

For comparison with experimental results, the light scattering cross sec-
tion (σa) is converted into the mass scattering cross-section (MSC),

MSCa (θ) =
σa (θ)

m
(4.11)

where m is the mass of the aggregate. For polydisperse soot, the scattering
cross section and mass for all aggregate sizes has to be considered. Previ-
ous studies of soot from the SCRE suggest a lognormal function describes
the soot polydispersity reasonably well [65]. The light scattering, similar to
particle mass, depends on the higher moments of the particle number dis-
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tribution; thus, FEN light scattering inversion is characterized by the mass
distribution parameters, namely the total mass concentration (Cm), the ge-
ometric mass mean diameter (dm,g), and the geometric standard deviation
(σm,g) in Equation 4.12,

dM
d lnd

=
Cm√

2π lnσm,g
exp

(
−

(lnd − lndm,g)
2

2ln2 σm,g

)
(4.12)

where dM
d lnd and Cm are the mass distribution function and the total mass

concentration. It must be noted that when subscript “m,g” is used, σ refers
to the geometric standard deviation of the mass distribution, and otherwise
to the light scattering cross section. Samples of soot number distribution and
their corresponding mass distribution for an engine point measured in this
work are provided in Appendix D, and support the lognormal hypothesis.

The MSC of polydisperse soot, MSCpoly =
σpoly
mpoly

, depends on the lognormal
distribution parameters, dm,g and σm,g, and contains angular light scattering
information. The scattered light power at angle θ , P(θ ,dm,g,σm,g), is related
to MSCpoly, the mass concentration Cm, and the FEN optical coefficient,
ΛFEN .

P(θ ,dm,g,σm,g) = ΛFEN,θ [MSC(θ ,dm,g,σm,g)]polyCm (4.13)

The ratio of the scattered light in directions θ1 and θ2, Rθ1/θ2 is equal
to the ratio of MSC’s in the two angles (Equation 4.14), and hence is a
function of dm,g and σm,g. Two such ratios, Rθ1/θ2 and Rθ1/θ3 can be obtained
by measuring the scattered light at three angles, and utilized for determining
σm,g and dm,g.

Rθ1/θ2 (dm,g,σm,g) =
P(θ1,dm,g,σm,g)

P(θ2,dm,g,σm,g)
=

MSC (θ1,dm,g,σm,g)

MSC (θ2,dm,g,σm,g)
(4.14)
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Figure 4.2: The three-angle light scattering inversion process for ob-
taining the soot mass concentration (Cm), the mass-weighted
geometric mean mobility diameter (dm,g), and standard de-
viation (σm,g). The lookup tables are generated with the
RDGFA+EMH model.

4.3.3 Inversion algorithm
A method is proposed to convert light scattering measurements from the
FEN into Cm, dm,g, and σm,g. The light scattering ratios, R45/90 and R45/135,
are used to find dm,g and σm,g of polydisperse soot from the lookup tables.

The process of generating the lookup tables is shown in Figure 4.2. The
parameters Dα , kα , ρp, m = n+ iκ were obtained from the literature as sum-
marized in Table 4.1. The complex refractive index is a key parameter in
the model and reported values vary widely. It may be that larger aggre-
gates have higher mass-specific absorption cross-sections (MAC) and lower
disordered-to-graphitic ratio (D/G) in their Raman spectra [8, 36], although
these results are considered too preliminary to apply here. Studies in the
past adopted the soot refractive index value of 1.95 + 0.79i suggested by
[20]. This value, however, is recently shown to be inaccurate by review-
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Table 4.1: The mean value and uncertainty of the soot parameters
Dα , kα , n, κ, ρp based on the literature. The literature sources
considered for calculating the mean and uncertainty of each pa-
rameter is provided in Appendix B.

Morphology/RDGFA parameters Mean value ± σ

Dα 1.1 ± 0.05
kα 1.13 ± 0.1
n 1.6 ± 0.1
κ 0.8 ± 0.1

ρp [kg/m3] 1790 ± 50

ing the experimental soot MAC measurements and the RDGFA absorption
functions [118]. Hence, a value of m = (1.6±0.1) + (0.8±0.1)i, located in
the valid range proposed by Liu et al. with uncertainties similar to those of
their work, is adopted for the RDGFA calculations. This value is also shown
to be in good agreement with DDA calculations for mature soot [94], and is
similar to the values obtained in other studies [17, 205]. A summary of the
literature reported parameters is provided in Appendix B.

The parameters DT EM, dp,100, D f and k f are obtained by analyzing the
TEM images collected here (Section 4.5.1). Using these 9 parameters, the
RDGFA model calculates the light scattering from polydisperse soot with
size distribution parameters dm,g and σm,g (forward process). The calculated
R45/90, R45/135, and the MSC are tabulated as a function of dm,g and σm,g

(table row and column headers respectively). This process is repeated for
different dm,g and σm,g until R45/90, R45/135, and the MSC are calculated for
the desired range of dm,g and σm,g (80 - 700 nm and 1.4 - 2.0 respectively)
and listed in the tables.

The measured scattered light intensities are converted into the absolute
scattered light power (P45, P90, or P135), and the ratios, R45/90 and R45/135,
which are inputs to the data inversion block (center of Figure 4.2). The
σm,g and dm,g that minimize the difference between the measured (FEN)
and tabulated R45/90 and R45/135 (i.e. minimize the ε function below) are
determined. The step-by-step procedure for retrieving σm,g, dm,g, and MSC
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is thus:

• Find a dm,g that, for each σm,g column in the R45/90 lookup table, has
the closest R45/90 value to the measured R45/90, thereby construct the
function d45/90(σm,g).

• Repeat step 1 for R45/135 and construct the function d45/135(σm,g).

• Construct the error function ε(σm,g) =
∣∣d45/90(σm,g)−d45/135(σm,g)

∣∣.
• Find the σm,g for which the error function ε is minimized. This is

assumed to be the geometric mean standard deviation of the sample.

• For this σm,g, the dm,g is taken as the average value of d45/90(σm,g)

and d45/135(σm,g). The d45/90 and the d45/135 are ideally similar if the
error function is zero, but in reality, due to measurement noise and
the RDGFA approximations, the two are different.

The MSC is then calculated and used to convert the scattered light power
(P45) into the mass concentration Cm using

Cm =
P45

ΛFEN,45MSC45
(4.15)

where ΛFEN,45 is the FEN optical coefficient for the 45◦ cone, and accounts
for laser beam power, the probe length, and the optical efficiencies of the
lenses and photodetectors. The numerical value of ΛFEN for the 45◦, 90◦, and
135◦ is 8.6×10−5, 7.2×10−5, and 9.3×10−5 Wm respectively, and details of
its measurement is provided in Appendix A.

4.4 Experimental setup
The performance of the FEN and the inversion method are assessed based on
experimental soot measurements. The experiments are designed to generate
engine soot over a range of conditions, characterize particle morphology, and
validate the mass and sizes inferred from the light scattering signals.
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The source of the soot particles is the SCRE, described in detail in
Chapter 3. Samples from the post-surge-tank (PST) sampling point, with
dilution ratios in the range 6 - 45, are measured with the instruments shown
in Figure 4.3. The dilution ratio is measured based on the exhaust CO2 con-
centration from the AVL CEB-II bench and the diluted CO2 concentration
is from the low-range CO2 analyzer (LR-CO2), as explained in Chapter 3.
Part of the diluted sample is thermally denuded to remove the VOC and
SVOC compounds before measurements with the FEN and the SMPS, and
introduction to a thermophoretic TEM sampler.

Particle samples are collected onto fiber-reinforced PTFE filters (47 mm,
Emfab by Pall Co.) for gravimetric weighing using a MTL filter weighing
system (MT5, Mettler-Toledo). Prior to weighing, the filters were stored for
48 hours inside the device in a room with stabilized environmental condi-
tions with relative humidity of 35% (±5%), pressure of 100 kPa (±5 kPa),
and temperature of 23 ◦C (±2 ◦C). Details about the microbalance, the
storage room, and the weighing process can be found in the supplemental
information of [175]. Gravimetric filters were collected from an undenuded
stream, due to the flowrate restrictions of the thermodenuder. Moreover,
ex-situ TEM visualization is carried out to obtain more representative and
source-specific soot parameters for the RDGFA model. In particular, the pa-
rameters D f , DT EM, k f , and dp,100 are obtained from the soot TEM images.
Detailed specifications of the PM instruments are provided in Chapter 3,
Table 3.3.

The mass concentration of the undenuded sample is slightly higher than
the denuded one. Measurements with a Dusttrak-II before and after the
thermodenuder, however, show the difference in mass concentration is small,
only 10%, at the lowest dilution rates (∼7:1), largely due to the diffusion
and thermophoretic particle losses (see Appendix C for details). The mass
of VOC and SVOC contents removed from the PM sample in the thermode-
nuder is expected to be less than 5% as measured by [65] for SCRE mid-high
combustion loads and high EGR rates, similar to the engine operating points
in this study. Such low amount of volatile material does not affect the light
scattering of engine soot based on [117]; however, undenuded soot light scat-
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Clean air

for dilution

Figure 4.3: Experimental layout for characterizing the soot light scat-
tering and morphology parameters and validating the inversion
results. The SMPS and the filter assembly are used for the size
and mass validation.
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tering is not measured in this work, and the effect of the condensed volatiles
on soot light scattering cannot be directly assessed.

4.5 Results and discussion
Here, the specifications of the engine operating points, the TEM soot anal-
ysis, and the obtained RDGFA parameters and the lookup tables are ex-
plained. The inverted FEN mass concentration and the mean mobility mea-
surements are compared with the filters and the SMPS, and the sensitivity
of the inverted results are discussed.

The measurements are conducted at four SCRE operating points (points
1, 2, 4, and 9 in Table 3.4, Chapter 3) with a range of sample dilution ra-
tios, shown in Table 4.2, to generate a broad range of soot concentrations.
The SCRE operating points selected for this investigation are intentionally
designed to emit high soot concentrations. Namely, the baseline operating
point, “Base-soot” in Table 4.2 (point 1), emits a soot concentration of about
75 mg/m3 before dilution. The “High-soot” point (point 9) is designed to
emit the highest soot concentration by increasing the combustion equiva-
lence ratio to ∼ 0.85. The last two points “Low-soot-1” and “Low-soot-2”
(points 4 and 2, respectively) have lower soot concentrations, 30 and 17
mg/m3 respectively, by utilizing higher gas injection pressure (∼ 230 bar),
or lower equivalence ratio (ϕ ∼ 0.55) which were shown to reduce soot in
previous works [128]. Up to 8 dilution rates are used at each of the operating
points, where filters and TEM samples are collected at different dilution ra-
tios for each engine point. The “Low-soot-2” point (point 2) has the lowest
soot concentration before dilution; therefore, only one mild dilution rate is
attempted so that the concentration of the sampled soot stays above the
FEN detection limit (∼1 mg/m3).

4.5.1 TEM soot morphology results
The TEM soot images were used to evaluate the dp, da, and Rg of each
aggregate. Images of more than 1000 soot aggregates were analyzed to
obtain the projected area and the average primary particle diameter in each
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Table 4.2: The specifications of the experimental data points for di-
luted exhaust measurements.

Test ID SCRE operating condition Dilution ratio (DR)
1a, 2b, 3a, 4a,b, Base-soot (point 1) 6.9a, 8.0b, 10a, 13.6a,b,

5a, 6, 7a, 8a 14.3a, 17.2, 20.8a, 43.7a

9b, 10, 11a,b, High-soot (point 9) 9.2b, 11.7, 17.7a,b,
12, 13 14.5, 25.6

14a,b, 15a,b, 16a, Low-soot-1 (point 4) 8.3a,b, 10.5a,b, 11.3a,
17, 18, 19 12.2, 12.6, 15.4

20a Low-soot-2 (point 2) 6.3a

a Filters are collected for gravimetric measurements.
b TEM grid samples are collected.

aggregate using a pair correlation method [34]. On each grid, five different
locations are selected to avoid size/morphology bias due to a single spot.
The results of the soot image processing for the Base-soot point is shown
in Figure 4.4 with circles. A least-square regression analysis of the dp - da

data in Figure 4.4, using the power-law type objective function in Equation
4.2 gives DT EM and dp,100. The DT EM and dp,100 values from the least-square
regression and the resulting dp - da correlation (solid line [blue]) is compared
with the results of Graves et al. (dashed line [red]) which was obtained from
the same engine but for a wider range of operating points. The TEM points
follow the fit based on Equation 4.2 for the medium and large aggregate sizes,
while a divergence from the fit occurs for small aggregates. This might be
due to the fact that the correlation proposed in Equation 4.2, with DT EM

and dp,100 parameters obtained from least-square regression shown in Figure
4.4, predicts a minimum da of 8.5 nm (assuming an aggregate with a single
primary particle, and solving Equation 4.2 for dp or da); thus, aggregates
with dp close to or less than 8.5 nm inevitably deviate from the fit. This,
however, is not a major concern for the light scattering calculations, as the
contribution of the small aggregates to the light scattering cross section and
MSC of the whole sample is negligible.

82



102 103

Aggregate projected area diameter  d
a
 [nm]

100

101

102

P
rim

ar
y 

pa
rt

ic
le

 d
ia

m
et

er
  d

p [n
m

]

Individual TEM images
TEM least-square regression
D

TEM
 = 0.35  0.03

 d
p,100

= 20.2  0.4

Graves et al. (2015)  
D

TEM
 = 0.26  0.1

d
p,100

= 22  4

Base-soot (point 1), DR = 8.0, 13.6
Test ID = 2, 4

Figure 4.4: The variation of the soot primary particles with the aggre-
gate projected area diameters for the “Base-soot” point (point
1). The circles represent individual soot TEM images. The dp -
da correlation based on Equation 4.2 is shown as the solid (blue)
line with DT EM and dp,100 from the least-square regression of the
TEM data in this study, and the dashed (red) line with DT EM

and dp,100 from [65].

The variation of Np vs 2Rg
dp

is shown in Figure 4.5, where the number
of primary particles, calculated from Equation 4.1, vary with 2Rg

dp
according

to Equation 4.7. The parameters D f and k f are obtained from least square
regression fitting of an objective function shown in Equation 4.7 to the TEM
data (circles [blue]), resulting in the solid (blue) line. The mean value and
the uncertainties (1 sigma – 68% confidence interval) of the least-square fit-
ting coefficients, i.e. the parameters DT EM, dp,100, D f , and k f , are compared
with their corresponding mean value and range based on the literature in
Figures 4.4 and 4.5. Here, the quantities 2Rg

dp
and Np are calculated for each

individual aggregate based on its projected area, radius of gyration, and
primary particle diameter. It is, however, common in the literature to use
the average primary particle diameter for all aggregates to calculate 2Rg

dp
and

83



Np [47], which is observed to results in ∼ 5% over-prediction of D f (Table
4.3 footnotes). We expect that in order to determine the structure factor
of each aggregate, as needed in the RDGFA model, it is more appropriate
to use the average dp from each aggregate, not the overall average. Incon-
sistent use of the correct averages may explain some discrepancies in the
previously reported D f values. Larger uncertainties in extracting D f and
k f from projected soot images are still conceivable due to primary particle
overlap [145] or using different image processing methodologies [3]. These
artifacts are not investigated in this work; nonetheless, the sensitivity of the
light scattering inversion to variations in fractal parameters due to low-mid
levels of particle overlap described by Oh and Sorensen and different image-
processing software reported by Altenhoff et al. are examined by artificially
increasing the uncertainty bounds of k f and D f in Section 4.5.4.

Average values, either from TEM imaging (DT EM, dp,100, D f , and k f ) or
from the literature (Dα , kα , n, κ, ρp), are used to generate the RDGFA
lookup tables. The parameter values obtained from TEM imaging are listed
in Table 4.3 for the “Base-soot”, “High-soot”, and “Low-soot-1” SCRE op-
erating points, where the average of the three points is listed in the last
column and considered for making the lookup tables. This is to ensure that
the light scattering inversion is consistent throughout the data set. The
mean values and the range of the rest of the parameters, namely Dα , kα , n,
κ, and ρp are obtained from the literature (Table 4.1).

4.5.2 The RDGFA lookup tables
The light scattering inversion is based on the R45/90, R45/135, and the MSC
lookup tables generated using the RDGFA+EMH model with the soot pa-
rameters listed in Tables 4.1 and 4.3. The graphical representation of the
lookup tables for R45/90 and the MSC are shown in Figures 4.6 and 4.7,
where each line in these figures represents a constant value of σm,g. Figure
4.6 shows that larger particles have higher R45/90. This ratio also increases
with σm,g approximately up to the ratio of 4, at which point the trend is re-
versed. The elliptic markers in Figure 4.6 are placed to represent the range
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Figure 4.5: The variation of the number of primary particles vs
2Rg/dp for the aggregates from the “Base-soot” point (point 1).
The circles represent individual TEM soot images. The solid
(blue) line shows the regression least-square fit to the TEM
data. The dashed (red) line is the fractal correlation based on
the average D f and k f compiled from various literature sources
listed in Appendix B.

of ratios and corresponding dm,g values at each engine point. There are over-
lapping regions between different operating points in Figure 4.6, suggesting
that similar soot diameters belonging to different SCRE points could be ob-
served. When R45/90 is close to 4, the σm,g lines converge and the calculated
mean mobility diameter is not dependent on σm,g; therefore, variations in
the inverted σm,g does not affect the inversion of dm,g, indicating more robust
size measurement is possible in this region. The ratios and diameters have
a similar behavior in the R45/135 table (not shown here).

Figure 4.7 shows the MSC lines for four different σm,g, which essentially
overlap for dm,g larger than 200 nm. This indicates that the light scattering-
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Table 4.3: The mean value and uncertainty of the soot parameters
based on the least-square regression of the TEM data for DT EM,
dp,100, D f and k f . The average value of each parameter based on
the three SCRE points are shown in the last column, and used
to generate the RDGFA lookup tables.

SCRE points AverageBase-soot High-soot Low-soot-1
DT EM 0.35 ± 0.03 0.36 ± 0.02 0.38 ± 0.02 0.36 ± 0.03

dp,100 [nm] 20.2 ± 0.4 19.5 ± 0.3 19.3 ± 0.3 19.7 ± 0.4
D f 1.66a ± 0.03 1.67a ± 0.02 1.67a ± 0.03 1.67 ± 0.03
k f 2.8 ± 0.2 2.8 ± 0.15 2.7 ± 0.15 2.8 ± 0.2

a Values are calculated by considering the dp of each aggregate in the 2Rg/dp ratio.
If the average dp of all aggregates is used instead, the calculated D f is slightly
higher, namely 1.72, 1.78, and 1.76 for the Base, High, and Low-soot-1 cases.

High-soot

Base-soot

Low-soot

Figure 4.6: Graphical demonstration of the R45/90 lookup table with
four σm,g values. The approximate range of the observed ratios
from different SCRE points are marked with ellipses.
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High-soot

Base-soot

Low-soot

Figure 4.7: A graphical demonstration of the MSC lookup table with
four σm,g values. The approximate range of dm,g estimated from
the light scattering ratios is marked with ellipses.

to-mass inversion is not directly affected by variations in σm,g. Nonetheless,
errors in σm,g affect the calculated mobility diameter and therefore propagate
to mass inversion. The elliptical markers show the estimated MSC for each
SCRE point based on a crude estimation of the expected dm,g from Figure
4.6. The detailed treatment of the results from the light scattering inversion
are presented in the next section, and the marked regions here are only to
highlight more crucial parts of the lookup tables. The MSC decreases rapidly
at small dm,g ; thus, measuring polydisperse soot with mass-median mobility
diameters less than 60 nm is not feasible, and re-optimized FEN hardware
is necessary to extend the FEN detection range for smaller particles.

4.5.3 Validation of the FEN mass and size measurements
The light scattering is inverted to Cm and dm,g using the RDGFA+EMH
kernels explained in Section 4.5.2. The inverted Cm and dm,g are compared

87



with mass concentrations measured gravimetrically and mobility sizes mea-
sured with the SMPS (mass-based geometric mean size, calculated based
on the SMPS scans and soot effective density). The RDGFA+EMH model
which incorporates Equation 4.2 with the parameters listed in Tables 4.1
and 4.3, and the structure factor in Equation 4.10, generates the baseline
lookup table used for the inversion (denoted as the baseline inversion). Ex-
tra lookup tables based on RDGFA with constant dp , different physical and
morphological parameters, or alternative RDGFA structure factors are gen-
erated too, and their inverted Cm and dm,g are compared with the baseline
to evaluate the sensitivity of the FEN light scattering inversion.

Figure 4.8 shows the soot mass concentration inferred from light scat-
tering and the gravimetric methods. The inversion is first carried out with
the baseline RDGFA+EMH lookup table, shown with the symbols. A least-
square regression linear fit (without an intercept) to the experimental data
points is shown in Figure 4.8 as the thick solid (black) line and its slope
is 0.9. As discussed earlier, the thermodenuder removes up to 10% of the
mass before the FEN (particle loss to the walls), and considering this, a
lower mass measurement with the FEN is expected. At test points where a
filter sample is collected, several FEN light scattering and SMPS data are
collected during the soot mass loading on the filters (10 to 20 minutes). The
vertical error bars in Figure 4.8 are the standard deviation of the inverted
Cm from the repeated FEN light scattering samples during the filter loading,
and the horizontal error bars are based on the accuracy and repeatability
of the gravimetric method. The accuracy of the microbalance machine, in-
troduced in Section 4.4, is ±6 µg and the repeatability of the gravimetric
weighing process is ±10 µg based on reweighing the filters 6 months to one
year after the initial weighing. The accuracy and precision of the microbal-
ance machine and the sample flowrate (measured with an Alicat Scientific
MB-50SLPM-D/M5 mass flow meter), and variations in the dilution ratio
account for ∼5-8% of the mean measured values. These artifacts constitute
the horizontal error bars in Figure 4.8. Further details about the microbal-
ance facility and the filter storage and weighing processes can be found in
[175].
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Figure 4.8: FEN Cm compared with the filter mass concentration. The
symbols show the results with the baseline RDGFA structure
factor [44] and the EMH morphology model. The thick solid
(black) and dashed (red) lines are the linear least-square fits to
the inverted results with the baseline and the Lin et al. models
for S(qRg) respectively [114]. The thin dashed lines are linear
fits for the inverted results with constant primary particle mor-
phology models.

Lines fitted to constant-dp inversions (omitting individual points for clar-
ity) are also shown in Figure 4.8. Noting the large variation of dp reported
in the literature, here a dp value of 35 nm from the work of Holve and Holve
et al. is used, as it was based on engine-generated soot [77, 78]. Using this
dp, the inverted mass concentrations are, on average, 30% less than the
baseline method (the dash-dotted least square fit with slope 0.6 compared
to the baseline solid line with slope 0.9). A second inversion is done using
the averaged dp for all aggregates, 21 nm, as is calculated from Equation
4.16,
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d̄p,1 =

∫
dpdN∫
dN

(4.16)

where dp of aggregates is weighted by their number dN in the sample.
Using a RDGFA kernel with a constant dp of 21 nm (d̄p,1 obtained from
Equation 4.16) results in inverted mass concentrations that are, on average,
28% higher than the baseline (the dashed least square linear fit with slope
1.16 compared to the baseline solid line with slope 0.9). Alternatively, a
mean dp can be evaluated by considering the number of primary particles
of each aggregate,

d̄p,2 =

∫
dpNpdN∫
NpdN

(4.17)

where Np and dp are the number and diameter of primary particles in each
aggregate. Using this method, the average dp is shifted higher since larger
aggregates contain more primary particles and contribute more to the aver-
age. The average primary particle diameter, d̄p,2 calculated based on Equa-
tion 4.17, is 25 nm, and results in closer Cm to the baseline (not shown),
suggesting it might be a more representative value for constant-dp RDGFA
mass calculations. It, however, results in large differences in dm,g compared
to the dm,g from the baseline lookup tables, and is further explained in the
discussion of Figure 4.9.

In order to investigate the sensitivity of the results to the structural er-
rors in the RDGFA model, inversion with a more elaborate structure factor,
namely that of Lin et al. based on the formulation provided by Sorensen
is carried out, and the results are shown as the thick dashed (red) lines in
Figures 4.8 and 4.9 (symbols not shown). The trend lines in both figures
are close to the baseline inversion with the structure factor of Dobbins and
Megaridis in Equation 4.10. Variations due to using different RDGFA struc-
ture factors do exist; however, they result in minor changes compared to the
variations when constant-dp RDGFA models are used. The sensitivity of
the FEN inverted mass concentration to dp when the dp - da correlation is
ignored, is very large (± 30%). This is important, as it simply indicates
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using a single value of dp, either from the literature or the TEM data, can
result in ∼ 30% difference in the inverted mass concentrations, due to the
variations of dp.

The dm,g measurement with the FEN light scattering is compared with
the SMPS in Figure 4.9. The detailed SMPS scans, measured in a mobil-
ity diameter range of 14-680 nm, indicate unimodal lognormal number and
mass distribution (the latter based on effective density), and are provided
in Appendix H. There is qualitative agreement between the dm,g measured
with the FEN and the SMPS, indicating that larger soot is produced at the
higher sooting engine conditions (e.g. black squares). The light scattering
inversion is also carried out with the constant-dp lookup tables, but similar
to Figure 4.8, only the least square linear fits (the gray thin dashes, omit-
ting the symbols to avoid cluttering the figure) are shown. In the case of
dp = 35 nm, there is a noticeable difference with the baseline case. The
least-square linear fit for dp = 25 mm, calculated based on Equation 4.17,
is located between the dashed lines for the 21 nm and the 35 nm primary
particle diameters in Figure 4.9. This indicates that choosing a constant
primary particle diameter of 25 nm for the RDGFA model results in errors
in the inverted dm,g, even though it produces inverted mass concentrations
close to the baseline model. The trend line for the inverted dm,g using the
lookup tables based on the RDGFA structure factor of Lin et al. is close to
inversion with the baseline model. This is consistent with the observation in
Figure 4.8 that the inversion is less affected by the RDGFA structure factor
than the primary particle diameter in a constant-dp RDGFA model.

Figure 4.9 contains the data corresponding to the repeats of the same
point (i.e. fixed engine point and dilution factor) to show the variation of the
data around the linear fit. The changes in the dm,g measured by the SMPS
for a given operating condition indicates a changing sample, likely due to
the variability of engine operation, and has been observed before [99]. The
variation of the soot sample observed by the SMPS and FEN while loading
a filter are also shown with the vertical error bars in Figure 4.8.

The slope of the linear trend line in Figure 4.9 is less than unity (∼0.9);
however, this cannot be explained by the presence of the thermodenuder as
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Figure 4.9: The dm,g from the FEN light scattering inversion com-
pared with the dm,g from the SMPS. Different symbols (and
colors), consistent with Figure 4.8, show different engine oper-
ating conditions. The thick solid (black) and dashed (red) lines
are the least-square linear fits to the inverted results using the
structure factor of Dobbins and Megaridis (baseline) and Lin
et al. with slopes 0.93 and 0.97 respectively. The thin dashed
lines are the linear fits to the inverted data with the constant-dp

lookup tables (symbols not shown).

both the FEN and the SMPS are placed after the thermodenuder. The low-
soot points are located higher than the overall trend line, indicating that the
FEN inversion produces more accurate dm,g for soot samples with smaller
mass-median mobility diameters. The dm,g for the base and high-soot sam-
ples is under-predicted since the contributions of the larger aggregates is
difficult to model accurately due to the increased uncertainty in the dm = da

approximation outside of molecular flow regime [206], noisy SMPS measure-
ments for large particles (an example is provided in Appendix H), and the
sparsity of the TEM images for large aggregates. It is noteworthy that a nu-
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cleation peak (4-10 nm) due to condensed SVOC may emerge in the cooling
section of the thermodenuder [188]. Such artifacts were not observed in our
SMPS scans (see Appendix H), likely due to the its set size range (> 14 nm).
It is, nevertheless, shown that the nucleated particles in a thermodenuder
have a very minor effect on the mass distribution (and hence dm,g) [5].

The results in this section demonstrate that FEN can provide quantita-
tive soot mass concentration and qualitative mass-median mobility soot size
measurements using the light scattering inversion method developed here.
The inversion process also results in an estimate of σm,g. For the conditions
here, the average value is σm,g = 1.5 ± 0.15. While this range overlaps with
σm,g measured with the SMPS (1.65 ± 0.1), it appears to be sensitive to
noise, and its measurement with the FEN is poor and likely not physically
meaningful. Nonetheless, errors in σm,g are cancelled due to averaging dm,g

from the R45/90 and R45/135 ratios in step 5 of the inversion process (Section
4.3.3), resulting in more reliable and physically meaningful mass-median mo-
bility diameters from light scattering measurements. The inverted results
for σm,g and a detailed discussion on the sensitivity of FEN dm,g and Cm to
σm,g are provided in Appendix E, and its summary is provided in Table 4.4
in the next section.

4.5.4 Sensitivity analysis
To characterize the sensitivity of the data inversion, new lookup tables are
generated with perturbed RDGFA parameters (18 new tables). The mean
value of the RDGFA parameters (used in the baseline kernel), and their vari-
ability ranges are shown in the third column of Table 4.4. The variability
of m = n+ iκ is ± 0.1 for the real and the imaginary parts of the refractive
index, as listed in Table 4.1, and is obtained from the recent review paper
by Liu et al. [118]. The nominal values of D f , k f , DT EM, and dp,100 are from
TEM image analysis, as discussed in Section 4.5.1. It is shown, however,
that these parameters inferred from TEM are subject to assumptions about
the 3D structure of the aggregates, affected by overlap or sintering of pri-
mary particles [22, 145], and sensitive to image processing methods [3]. The
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range of variability of D f and k f is based on the results of Altenhoff et al.
comparing different projected image processing methods, variations in DT EM

are based on the range reported by Olfert and Rogak for HPDI engine soot,
and dp,100 is based on the difference between dp from manual sizing and the
automatic PCM algorithm, similar to [3]. It might also be possible to obtain
Dα and kα from the projected 2D soot images; however, the uncertainties in
the absence of stereo TEM images are too large. Instead, the values of Dα

and kα measured by Dastanpour et al. from SCRE HPDI soot are adopted,
and their variations are considered for the sensitivity study in Table 4.4. The
inversion sensitivities due to the approximation dm = da may also be exam-
ined by changing Dα , as different values of Dα change the relation between
the aggregate projected-area diameter (da) and the number of primary par-
ticles (Np) (Equation 4.1), hence change the exponent x in dm = Nx

p resulting
in the variation of dm for a given da. This could possibly bring the dm values
closer to the model given by Sorensen for large aggregates [183].

The FEN light scattering data are re-processed with each new look-up
table, the inverted Cm and dm,g are compared with the baseline case, and the
percentage changes in Cm and dm,g are listed in the corresponding rows and
columns in Table 4.4. Here, ∆+ and ∆− are the percentage root mean square
(RMS) variations of Cm or dm,g due to an increase or decrease (respectively)
in each of the parameters in the second column of Table 4.4. The effects
of perturbations are studied using two different methods. Firstly, the mor-
phology parameters are varied independently and the resulting changes are
grouped in the first rows of the table. Secondly, the morphology parameter
pairs kα–Dα and dp,100–DT EM are changed simultaneously. The soot effective
density depends on Dα and kα , and DT EM and dp,100 based on Equations 4.3
- 4.6, and varying these parameters independently can produce large dis-
crepancy between the calculated mass concentration from the SMPS and
the gravimetric filters. Thus, the suitability of the mean value and varia-
tions of Dα , kα , DT EM, and dp,100 are evaluated by analyzing the SMPS mass
concentration error function defined as, ESMPS =Cm,SMPS −Cm, f ilter.

The contours of ESMPS as a function of the morphology parameters are
shown in Figure 4.10, confirming that the chosen morphology parameters for
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the RDGFA+EMH model are suitable (errors of ∼ -10% are consistent with
the thermodenuder losses). The FEN light scattering inversion sensitivity to
variations of Dα , kα , DT EM, and dp,100 are first processed by independently
varying one parameter at a time, shown with the asterisk (green) and cross
(blue) symbols in Figure 4.10 along the horizontal and vertical axes, and
the results are summarized in the first rows of Table 4.4. Secondly, the
kα -Dα and dp,100-DT EM pairs are varied along the iso-ESMPS lines, shown
with + symbols (black) in Figure 4.10, and the resulting variations in the
FEN inverted Cm and dm,g are summarized in the second group of rows in
Table 4.4. Independent variations produce larger changes in the FEN light
scattering mass and mobility diameter. The information provided by the
tandem SMPS and filter mass concentrations can be utilized to narrow the
range of variations of the fractal parameters, thereby reducing the FEN light
scattering inversion sensitivity.

The variations in k f and independent variations in DT EM produce consid-
erably large variations in the inverted Cm in Table 4.4. The largest variation
in Cm, however, is due to the imaginary part of the refractive index, κ, and
the largest variation in the inverted dm,g is due to independent variations
of Dα . The large variability of the inverted results is mainly caused by the
wide range of literature values (e.g. for κ) for the RDGFA parameters, and
the uncertainties in the image processing techniques. FEN Cm inversion sen-
sitivity to the primary particle diameter in the constant-dp RDGFA models
are even larger, even if the TEM average (Equation 4.16) is used. In con-
trast, the perturbation of dp,100 produces smaller variations in the inverted
Cm and dm,g as the uncertainty of dp,100 is less than the uncertainty of the
average dp of all aggregates (e.g. d̄p,1 and d̄p,2 in section 4.5.3). The sen-
sitivity to σm,g is also considered in the analysis and reported in Table 4.4,
as its inversion from FEN light-scattering is particularly poor. Changes in
Cm or dm,g due to uncertainties in σm,g, however, are modest, as any errors
in the size recovered from one light scattering ratio (either R45/90 or R45/135)
is partially corrected when averaged with the diameter recovered from the
second ratio (details in the Appendix E). The structure factor in different
RDGFA models is also considered, but does not affect the inverted results
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Table 4.4: Sensitivity of the inverted mass concentration and mass-
median mobility diameter to parameters used and assumptions
made in the RDGFA+EMH light scattering calculations.

Sensitivity Symbol Range ∆−Cm ∆+Cm ∆−dm,g ∆+dm,g
source [%] [%] [%] [%]

Morphology

D f 1.67 ± 0.05 +6.9 -7.7 +8.6 -5.9
k f 2.8 ± 0.3 +15.0 -11.8 -5.4 +5.6

DT EM 0.36 ± 0.1 +10.2 -10.7 +2.1 -6.4
dp,100 [nm] 19.7 ± 1 +7.8 -7.0 -1.3 +1.4

Dα 1.1 ± 0.05 -5.0 +4.8 +10.9 -9.0
kα 1.13 ± 0.1 -2.8 +2.0 +5.1 -4.0

Morphology
(iso-ESMPS)

DT EM 0.36 ± 0.1 +2.8 -7.8 +3.1 -6.8(dp,100 [nm]) (20.7 - 18.7)

Dα 1.1 ± 0.05 +0.2 +1.0 -0.7 -1.5
(kα) (1.4 - 0.94)

Physical
properties

n 1.6 ± 0.1 +3.4 -4.1 - -
κ 0.8 ± 0.1 +18.2 -14.8 - -

ρp [g/cm3] 1.79 ± 0.05 -2.8 +2.8 - -
Constant-dp d̄p [nm] 21 - 35 +29 -35 +8.5 +20
dM/d lndm σm,g 1.4 - 2.0 ±4.6 ±6.3

RDGFA S(qRg) - ±5.3 ±2.8
∆rms, independent morphology parameters -26, +29 -16, +17
∆rms, DT EM and Dα vary on iso-ESMPS -24, +26 -13, +13
∆rms, constant dp morphology model -42, +39 -14, +26

substantially.
The overall sensitivity is calculated based on the RMS of all ∆Cm and

∆dm,g perturbations listed in Table 4.4. Based on this analysis, a 25% - 28%
overall sensitivity in mass and 13% - 16% in size can be achieved with the
FEN light scattering inversion using the lookup tables generated with the
variable-dp RDGFA+EMH model introduced in this work. When the dp - da

correlation is ignored, an additional 30% ∆Cm is introduced to the inverted
mass concentration; adding this to the root mean square sum would increase
the overall variability of the light scattering inversion to up to 40%.
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Figure 4.10: The SMPS mass concentration error (ESMPS) contours for
different values of kα and Dα (left), and DT EM and dp,100 (right).
The baseline parameters, obtained from the TEM analysis or
the literature, are marked with circles (red). The asterisks
(green) and crosses (blue) are variations of each parameter
keeping the other one constant, and the + (black) symbols are
variations along ESMPS iso-lines.

4.6 Summary and conclusions
Soot measurement with the three-angle light scattering method of FEN is
studied and an inversion methodology for obtaining the soot mass concen-
tration (Cm) and mobility diameter (dm,g) from the measured light scattering
is developed. The FEN is made for fast engine-out soot measurement but the
focus here is extending the method to provide quantitative measurements
and validate it for steady, diluted exhaust concentrations. The inversion
algorithm relies on lookup tables generated with the Rayleigh-Debye-Gans
light scattering model for fractal aggregates (RDGFA) with a morphology
model based on the external mixing hypothesis (EMH). The RDGFA+EMH
model, for the first time, considers a correlation between the size of the pri-
mary particles and the aggregates on the soot light scattering, instead of
using an average primary particle diameter to characterize all aggregates.
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In the new approach, the mean primary particle diameter of 100 nm aggre-
gates (dp,100), and an exponent (DT EM) are needed to model the primary
particle size variation. Characterizing the soot by dp,100 and DT EM signifi-
cantly reduces the sensitivity of inverted Cm and dm,g to the large range of
primary particle diameters reported in the literature. Furthermore, using
the observed primary particle size correlation produces more self-consistent
results for both the mass and aggregate size, with no adjustments to any of
the RDGFA parameters obtained from the literature.

The use of scaling relations between dp and da allows one to estimate
effective density, which connects the parameters used in the light scattering
model (Rg) to the mobility diameter which is easily measured. Using suit-
able RDGFA parameters for generating the lookup tables, the inverted FEN
mass concentration and mean mobility diameter compare closely with the
reference instruments, where the average ratio of Cm to the gravimetric mass,
or dm,g to the SMPS mobility diameter, is close to 1. A sensitivity analysis,
however, shows that this ratio can vary by ±25% due to uncertainties in soot
properties, most notably the wide range of soot refractive indices reported
in the literature. In other light scattering instrumentation too, large sensi-
tivities can arise from unknown physical properties. Here, by inverting the
multi-angle light scattering measurements with the RDGFA+EMH model,
this sensitivity is reduced significantly. In the next chapters, by combining
this data inversion scheme with FEN’s capability to sample soot after the
engine exhaust valve, fast engine-out soot measurements can be obtained.
This enables assessing the impacts of real-world engine transients and the
cylinder-to-cylinder variability on PM emission and guide the environmental
impact policy and engine development decisions.
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Chapter 5

Characterization of the
exhaust-port sampling
system and FEN
measurements1

5.1 Overview
The intended measurement of engine-out soot concentration with a single-
cycle resolution requires a methodology to process the acquired FEN light-
scattering traces, that considers the exhaust-port sampling conditions. To
minimize measurement delays, soot is sampled near the exhaust-valve and
transferred to the FEN using a sampling tube. The response time of such
a measurement system depends on the transit time of gases in the exhaust
pipe and inside the sampling tube into the FEN, and the mixing processes
in between. The measured light-scattering signals are also affected by the

1Parts of this chapter are presented in a manuscript authored by Kheirkhah P, Kirchen
P, and Rogak S., entitled “Measurement of cycle-resolved engine-out soot concentration
from a diesel-pilot assisted natural gas direct-injection compression-ignition engine”, ac-
cepted for publication in the International Journal of Engine Research. Necessary modi-
fications are made for proper flow of the thesis.
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thermo-mechanical conditions of the exhaust-port, such as fluctuating flow
rates and strong pressure pulses. In this chapter, the effects of such phenom-
ena are characterized to develop a signal-processing method for obtaining
single-cycle soot concentrations based on FEN measurements.

We start by reviewing some key characteristics of flow in the exhaust
of internal combustion engines and their effects on particle sampling. Sim-
ilar studies of exhaust-port emissions measurement are reviewed and their
methodologies for response-time characterization are compared with the
methods employed in this study. The experimental techniques and the sup-
porting analytical post-processing methods are explained in Section 5.4. A
discussion of the FEN light scattering signatures and its response time is
presented in Section 5.5, and is followed by a signal averaging scheme for
representing single-cycle soot concentrations based on the FEN light scat-
tering traces. The chapter ends with a summary of findings and conclusions
of this investigation.

5.2 Introduction
The flow inside the engine exhaust path is intermittent, periodic, and con-
tains strong pressure waves due to the opening and closing of exhaust valves
[18, 173]. The temperature of the exhaust gases, their complex composi-
tion, fast flow fluctuations, and flow reversals makes direct velocity and flow
measurements challenging, if not impossible. Limited applications of raw
exhaust flow measurement using an ultrasonic velocimeter [15], and high-
frequency pitot tubes [64, 140] are demonstrated in the literature, but are
not suitable for crank-angle-resolved velocities. To provide cycle- and crank-
angle-resolved exhaust velocity measurements, optical techniques, such as
high-speed schlieren imaging, are used in literature. Using this technique,
four distinct intra-cycle flow phases are identified and studied [207].

• Propagation of a pressure pulse from the valve throttle after the exhaust-
valve opening (EVO).

• Expulsion of the high-pressure cylinder gases into the exhaust pipe
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(blow-down).

• Reflection of the pressure waves, inducing a fluctuating pressure trace
along the pipe.

• Backflow due to the piston downward motion before the bottom dead
center (BDC).

• Slow outflow of the cylinder gases due to the piston upward motion,
and attenuation of the pressure pulses due to reflections.

Effects of the exhaust flow and their interference with exhaust-port emis-
sion measurements deserves attention. The unburned hydrocarbon (uHD)
measurement with fast flame ionization detectors (FFID), for example, de-
pends on both the uHD concentration and flowrate [52]. Therefore, a
sub-atmospheric constant-pressure chamber in the FFID demonstrated by
Collings and Willey, is devised to filter the pressure and flow pulsations,
and its sensitivity is assessed using a one-dimensional compressible plug-
flow model [28, 31, 52]. Such models are commonly used to determine the
response time of exhaust-port instruments, and are discussed in Sections
5.3.1 and 5.5.2.

The FEN light scattering signal depends on the PM concentration, and
is theoretically independent of the sample flow rate inside the measurement
chamber. Nonetheless, insights into the characteristics of the FEN sam-
pling system, improves our understanding of its crank-angle-resolved light
scattering signals, and facilitates the development of a cycle-resolved data-
reduction procedure. Moreover, sampling of PM, unlike gaseous species,
depends on the flow conditions at the inlet and inside the sampling tube.
Here, the characteristics of the FEN exhaust-port light scattering traces are
investigated from experimental measurements, and is compared with the
results of flow modeling from literature.

5.3 Background
Better control and flexibility over a measurement demands physically dis-
tancing the measuring instruments from the emission source. In high-speed
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applications, however, a trade-off is required to maintain an acceptable time
resolution by keeping the distances as short as possible. In such applications,
a sample is extracted near the exhaust valve and quickly transported to an
instrument using a short sampling tube. The gas dynamics considerations
in the exhaust and their bearing on sample flow and the FEN PM measure-
ments are briefly reviewed based on similar applications in the literature.

5.3.1 Exhaust-port gas sampling
The response time of an instrument for exhaust measurement depends on
the spatial and temporal exhaust flow patterns, which requires highly in-
strumented exhaust pipes or complex optical measurements. Therefore, gas
dynamics models, validated against high-speed pressure sensors placed along
the exhaust path, are common [158]. The flow transit time (t0) and the time
constant (τ) are key parameters characterizing a fast exhaust-port instru-
ment. Measurements may be considered cycle-resolved, if the combined
effects of t0 and τ does not reduce the response time of the system to below
the single-cycle time threshold, tsc, equal to 2 crank-shaft rotations or 720
crank-angle degrees (CAD) for a four-stroke engine such as the SCRE used
here.

tsc[ms] =
120,000
N[rpm]

(5.1)

One-dimensional compressible plug flow models are suitable for describ-
ing the temporal and spatial features of flow along pipes and sampling tubes.
The sample flowrate to the FFID described earlier, for instance, is deter-
mined based on a one-dimensional iso-thermal compressible flow model, re-
sulting in [28],

ṁ
A
=

√√√√ P2
1 −P2

2

2RT
(

f L
2d + ln P1

P2

) (5.2)

where, f is the friction coefficient, and P1 and P2 are the pressures at the
inlet and outlet of the sampling tube. Using this model, and integrating the
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velocity along the tube, the sample transfer time may be computed,

t0 =
2d
f u1

(
1−
(

P2

P1

)
+

RT
3u2

1

[
1−
(

P2

P1

)3
])

(5.3)

where, u1 is the entrance velocity, assuming the flow is unchoked. Using the
iso-thermal model, a total transfer duration of 80 - 300 CAD for pressure
ratios between 2 and 3 are calculated at an engine speed of 900 rpm. In
addition to this transit time, such measurements constitute a time constant
due to mixing of the sample in axial direction (Taylor diffusion), considering
a longitudinal diffusivity K in equation 5.4.

K
∂ 2C
∂x2 =

∂C
∂ t

(5.4)

For a turbulent flow inside the sampling line, K depends only on the flow
velocity, tube diameter, and the friction coefficient. Using this model, a 10%
- 90% response time to a step change in concentration at the tube inlet may
be determined using Equation 5.5.

τ = 1.44Re−
3
16

L√
RT

√
P2

1 +P2
2

P2
1 −P2

2
(5.5)

For the FEN sampling tube, considering the temperatures and pressures typ-
ically observed at the engine exhaust, a time constant of 8 ms is calculated
from Equation 5.5. This model is revisited in Section 5.5 and compared to
an experimentally-measured time constant.

More accurate results may be obtained from numerical models, such
as with the commercial software GT-Power by Gamma Technologies [58],
previously used to model the SCRE exhaust [185]. A schematic of the piping
diagram used in this model is shown in the left panel of Figure 5.1, with the
model components marked on the SCRE exhaust in the right panel. The
fluctuating pressure traces observed with a fast exhaust sensor (PT in Figure
5.1) were successfully predicted by this model, although the magnitude of
the GT-Power pressure peaks were slightly higher than measured. Mass flow
rates of 0.8 - 0.9 kg/hr and velocities in the range of 70 - 90 m/s inside the
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Figure 5.1: A schematic of the SCRE exhaust for GT-Power model-
ing (left). Components of the model are marked on a photo
of the SCRE presented on the right panel showing the engine
block, the exhaust pipe, the fast-response pressure sensor, and
the FEN sampling port. Figure is adapted from [185], with au-
thor’s permission.

FEN sampling tube are established from the model, resulting in t0 of 10 -
12 ms and τ of 12 - 13 ms [185]. These figures, too, are compared with
the experimental results of this work, the plug-flow model of [28], and the
single-cycle time threshold (tsc) in Section 5.5.

5.3.2 PM sampling considerations
Large flow rates and steep velocity gradients inside the SCRE exhaust and
the FEN sampling tube impose losses on the sampled PM. To determine
the effects of sampling losses on the FEN measurements, different PM loss
mechanisms are reviewed. The inertial losses at the point of sampling (as-
piration), and inside the sampling tube (wall impaction) are relevant in this
application, due to the high velocities anticipated during the exhaust-port
sampling. Other mechanisms, such as diffusion and thermophoretic losses,
are relatively insignificant due to the short residence times in the sampling
tube, but were considered for the diluted measurements in Appendix C .

At the point of sampling, large particles might be over or under-sampled,
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due to velocity gradients and curved streamlines. The aspiration efficiency
is the ratio of PM concentration at the inlet of the sampling tube relative
to the concentration in the main flow, and may be obtained from Equation
5.6 for a sampling tube positioned at 0◦ (head-on) relative to the flow [198].

ηasp = 1+
(

U0

U
−1
)1− 1

1+
(

2+0.617 U
U0

)
St

 (5.6)

The Stokes number, St in Equation 5.6, is defined earlier in Equation 2.22,
Chapter 2, and U0 and U are the velocities in the main flow and the sampler.
The compounded transmission efficiency of the sampling system also de-
pends on the inertial losses inside the sampling tube. The inertial sampling
efficiency in a bent turbulent flow is relevant to the sampling configuration
implemented here, and is computed based on the correlation suggested by
Pui et al.,

ηbend,inert = 10(−0.963NbSt) (5.7)

where, the efficiency is expressed as a function of the Stokes number and
the number of 90◦ bends, Nb, in the sampling tube [162]. The sampler used
here is a 360◦ coiled tube; thus, Nb is 4.

PM loss factors for different particle diameters are calculated based on
Equations 5.6 - 5.7 for a baseline SCRE exhaust condition, presented in
Section 5.5, where its effects on the light scattering traces and FEN mass
calculations are discussed.

5.4 Methodology
Here, the methods developed for characterizing the exhaust-port FEN light-
scattering signals are elaborated. These include the experimental and an-
alytical procedures employed to determine the response-time of the FEN,
and used for single-cycle data reduction based on the phenomenology of the
exhaust-port sampling.
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5.4.1 Experimental procedures
The experiments are conducted with the FEN sampling at the SCRE exhaust-
port shown in Figure 3.2. The sampling tube used here has an outer diameter
of 3.18 mm, a wall thickness of 0.65 mm, and is 0.8 m long. A high-speed
pressure transducer (Omega PX4201-100GV), with a response time of 0.2
ms is mounted at the end of a 20 cm, 6.35 mm nominal outer diameter
stainless steel tube connected to the exhaust pipe 25 cm downstream of the
engine exhaust valve, as shown in Figure 5.1. This arrangement is adopted
to protect the sensor against the hot exhaust gases. The pressure phase shift
due to the length of the mounting tube is 0.4 ms, equal to 4 - 6 CAD at a
1500 rpm engine speed (maximum speed in this study). The phasing of the
pressure measured with this sensor is roughly similar to its phasing at the
inlet of the FEN sampling tube, as both are similarly distanced from the
exhaust valve. The FEN light scattering and the exhaust pressure are syn-
chronously recorded with a 0.5 CAD resolution on the same DAQ described
in Chapter 3.

Here, the engine points 2, 3, 5, 6, 7, and 8 of the main matrix (Table
3.4, Chapter 3), are first operated in continuous mode to characterize the
crank-angle-resolved FEN light scattering signatures, and are repeated in
“skip-firing” mode for response time measurement. In the latter, a decaying
light scattering signal due to disrupted fuel injection is processed to calculate
the flow transit time and the time constant of the measurement system.
The SCRE operating points in Table 5.1 are tested during the fall of 2019,
points 6 and 8 are repeated from earlier measurements for a GT-Power
model validation in 2017 [185], with point 8 originally tested in 2016 to
demonstrate the concept of FEN (Figure 3.6 in Chapter 3 [99]).

5.4.2 Characterization of the crank-angle-resolved exhaust
measurements

To better understand the relation between the acquired FEN signals and the
exhaust sampling conditions, the crank-angle-resolved light-scattering and
exhaust pressure traces are analyzed. A stable background light intensity
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Table 5.1: SCRE operating points for characterizing the light scatter-
ing signatures of the FEN and measuring its response time.

Engine point Engine speed GIMEP θ50 ϕ EGR Pexh
[RPM] [bar] [◦aTDC] [-] [%] [kPa-a]

2 1350 16.0 12.7 0.55 12 285
3 1350 15.5 15.5 0.54 13 270
5 1350 16.0 20.0 0.65 15 268
6† 1500 11.8 11.2 0.55 20 222
7† 1200 12.2 10.0 0.70 0 196
8†‡ 890 9.9 11.3 0.53 46 223

† Previously tested for GT-Power model validation of [185].
‡ Previously operated for the FEN proof-of-concept [99].
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Figure 5.2: P45 and Pexh crank angle series for 10 consecutive engine
cycles. Repeatable features, such as strong consistent peaks in
the light scattering and the pressure traces, and flat tails in light
scattering signals are marked.

signal during motored engine operation was noted [99], and subtracted from
the signals acquired during fired operation, presented here. The background-
corrected FEN light scattering intensity on its 45◦ photodetector, P45, and
the exhaust port pressure, Pexh from the Omega PX4201 sensor, are shown
for 10 consecutive cycles in Figure 5.2, where the EVO occurrences are
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Figure 5.3: P45 and Pexh for cycles 16 (grey) and 17 (black) during a
point 6 test, shown on a 720 CAD engine cycle interval, starting
at EVO. The consecutive cycles have identical Pexh, but different
P45 traces. The intervals corresponding to the peaks and tails
of the light scattering signatures are marked.

marked with vertical dashes. The exhaust pressure fluctuations are very
similar among cycles, the light scattering, too, has consistent features such
as strong peaks after each EVO; nevertheless, its magnitude can vary from
one cycle to the next. Similar features were also observed in a preliminary
proof-of-concept study on the same engine [99]. The light scattering peaks
after each EVO are shortly (∼20◦) after the Pexh peaks. This suggests that
the peaks are due to a strong pressure pulse generated by the EVO, and not
the engine exhaust gases which arrive at the FEN much later (as discussed
below), and not due to artifacts such as electrical noise from the injector
driver which only occurs close to the combustion top dead center (TDC),
nearly 500 crank-angle degrees (CAD) after the light-scattering and pressure
peaks (injector electrical noise can be spotted on the Pexh trace close to TDC
in Figure 5.3).
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Details of the light scattering signals are better addressed on a 720 CAD
interval, starting from EVO. The crank-angle-resolved signatures for two
consecutive cycles (16 and 17) from point 6 are shown in Figure 5.3. As
observed, the signals demonstrate a unique signature with a strong peak
shortly after EVO followed by a trough and a constant flat tail for the re-
mainder of the cycle. The mechanism by which the pressure pulse generates
a peak in the scattering intensity may be explained by several phenomena
which are explored in Section 5.5.1. The signal intensity prior to the peak
is similar to the tail of the previous cycle. For example, the before-the-peak
P45 for cycle 17 in Figure 5.3 is approximately 180 nW, similar to the mag-
nitude of the tail of cycle 16. Moreover, the relative increase of the light
intensity during the peaks (rise from the previous tail, as shown in Figure
5.2) is seemingly repeatable between different cycles for a given engine op-
erating condition, and is further discussed in Section 5.5.1. Despite early
variations after the EVO, light scattering traces are steady for the remain-
der of the cycle (marked with horizontal boxes), indicating a constant soot
concentration inside the FEN volume during this period.

To gain a better insight into the characteristics of the light scattering
traces, and the effects of exhaust and sampling tube conditions on the sig-
nals, the response of the FEN to sudden and deliberate changes in exhaust
soot concentration is analyzed. These controlled changes are brought about
by operating the SCRE in ”skip-firing” mode, by temporarily disabling and
then re-enabling the fuel injection. Through this process, it is possible to
separate the effects of the current engine cycle from the previous cycles, and
thereby calculating the sample transfer delay and time constant.

During the skip-firing operation, the FEN signal decreases shortly after
the fuel injection is terminated, as clean air displaces the old combustion
gases in the SCRE exhaust pipe (roughly 40 cm), and enters and travels
inside the sampling tube to reach the FEN. The effect of this transition
on the light scattering signals is shown in Figure 5.4. By disabling the
injection at cycle 1264, the light scattering signal starts to decrease after a
short delay (t0). The characteristic peak is absent during the motored cycles,
presumably due to low in-cylinder pressure, and the signal decreases to zero
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Figure 5.4: The FEN light scattering traces during a point 2 test,
showing a sequence of cycles containing a skip-firing event, cy-
cles 1264 - 1268 shown in red.

(which correspond to clean air due to background correction), resembling a
first-order decay. The initial non-zero signal tail during the first few motored
cycles is likely due to the EGR flow rate, which produces light scattering
above the clean air background levels. During the motored cycles 1264 -
1268, this DC offset gradually decays to zero, as clean air displaces the stale
EGR gases, and slowly reappears after resuming the fuel-injection. The skip-
firing sequences are repeated multiple times to obtain sufficient statistics for
the response-time calculation at each operating point.

Results of the intra-cycle light-scattering correlations are presented in
Section 5.5.1, and are explained based on the exhaust-port phenomena. An
analysis of the skip-firing results are provided in Section 5.5.2, and is com-
pared with the GT-Power results of [185].
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5.5 Results and discussion
Here, the FEN light scattering traces are analyzed with the purpose of de-
vising a method of representing single-cycle soot concentrations based on
the measured crank-angle-resolved data. Correlations between the peaks
and tails of the signals are used to examine the underlying mechanisms pro-
ducing the light scattering patterns seen here. Following this, the results of
the skip-firing tests are presented, the procedures for extracting the transfer
time and time constant from the light-scattering traces is explained, and
their results are presented and discussed.

5.5.1 Phenomenological description of the exhaust-port
FEN measurements

The characteristics of the FEN exhaust-port measurements may be bet-
ter understood by considering the intra-cycle correlations in the signals.
Namely, correlations between the peaks and tails of the light-scattering
traces for neighbouring cycles can provide some insight into the underly-
ing mechanisms affecting the exhaust-port sampling. The light scattering
traces are first filtered using a 10 CAD moving average to remove noise.
The signal peak after the EVO, labeled P45,peak in Figure 5.3, is detected
using the “findpeaks” function in Matlab. The tails are characterized by
averaging the light scattering traces between θ = 500 CAD aEVO until the
end of the cycle at 720 CAD aEVO, labeled P45,tail . This averaging window
is chosen to remove the effects of the early variations, and is consistent with
the results of response time measurements in Section 5.5.2.

To understand the causes of the repeating light-scattering peaks, we,
first, examine the prominence of P45,peak, i.e. its rise relative to the light
scattering tail of the preceding cycle, which seems to be invariant from
Figure 5.3. This is further examined by considering the correlations between
P45,tail and P45,peak for all consecutive cycles “i-1” and “i” shown on the left
panels of Figure 5.5 for SCRE points 6 and 8. Here, the dots represent
individual cycles, and the lines are the least-square regression fits to the
points during each test. The black solid lines show the regression results

111



0 1000 2000
P

45,tail
(i-1) [nW]

0

1000

2000

P
45

,p
ea

k(i)
 [n

W
]

0 500 1000
0

200

400

600

800

1000
P

45
,p

ea
k(i)

 [n
W

]

0 500 1000
0

200

400

600

800

1000

0 1000 2000
P

45,tail
(i) [nW]

0

1000

2000

Point 8

Point 6Point 6

Point 8

Engine test campaign 2017

Engine test campaign 2019

Figure 5.5: The correlations between the light scattering peak from
cycle “i”, and the averaged background tail from the previous
cycle “i-1” (left), and the averaged tail from the current cycle
“i” (right), shown on the abscissa. The plotted data belong to
points 6 (top) and 8 (bottom) run in 2017 (red-dashed) and
2019 (black-solid).

from the campaign of 2019, where each engine operating point contains at
least 1500 cycles. Different lines in Figure 5.5 represent repetitions of each
operating point to ensure repeatability of the data. The red dashed lines are
from engine tests during the campaign of 2017, each containing only 45 - 50
cycles due to the limitations of data acquisition hardware. The regression
parameters, namely the R2, the slope, and the y-intercept of the lines are
summarized Table 5.2.

As shown in Figure 5.5 and Table 5.2, the correlations between P45,peak(i)

and P45,tail(i−1), where “i” symbolically denotes the cycle index, are partic-
ularly strong with R2 in the range 0.86 - 0.96. The slopes of the lines are very
close to unity (0.95), and do not change much between the repeated tests.
The results of the 2017 campaign indicate similar trends. The regression
R2 values, however, were slightly weaker for this dataset, likely due to the
smaller population of cycles per operating point. The correlations between

112



Table 5.2: The correlation parameters between the crank-angle light
scattering peaks and tails of successive cycles (columns on the
left) and the same cycles (columns on the right) for SCRE points
6 and 8. The last column denotes the mean light scattering for
each operating point. Numbers in brackets are from the mea-
surement campaign of 2017 (red dots in Figure 5.5).

P45,peak(i) - P45,tail(i−1) P45,peak(i) - P45,tail(i)
Engine P̄45
point R2 slope y-int. [nW] R2 slope y-int. [nW] [nW]

6 0.95 0.96 120-177 < 0.001 -0.01 270-400 200±25
(0.79) (0.96) (195) (0.44) (0.04) (394)

8 0.86 0.95 195-380 0.002 0.03 570-1100 600±180
(0.87) (0.93) (547) (0.46) (0.22) (1284)

P45,peak(i) and P45,tail(i) for a same cycle, on the other hand, are significantly
weaker, with R2 in the range 0.001 - 0.002, and near-zero slopes, indicating
that the two quantities are simply not correlated.

Since the slopes of P45,tail(i− 1) - P45,peak(i) lines are close to one, the
difference between P45,peak(i) and P45,tail(i− 1) (the relative rise, shown in
Figure 5.3) is similar for different cycles and is equal to the y-intercept of
the regression lines listed in Table 5.2. These observations suggest that the
peaks are generated by a repeatable mechanism, such as by the exhaust
pressure waves acting on the flow in the sampling tube.

The exact mechanism that generates this effect is unclear; however, some
hypotheses can be examined:

• Firstly, enhanced Rayleigh scattering of gas molecules due to the pass-
ing of a pressure or shock wave can be considered. The average
Rayleigh scattering due to exhaust gases at 200 ◦C, assuming a re-
fractive index of 1.0002 [152], and an average molecular diameter of
0.4 nm [30], is only 1 - 3 nW on the photodetectors. Compressions
by factors of 10 or more, only possible with strong shock waves, are
required to justify the peaks observed in the experiments, which are
unrealistic for engine exhaust.
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• Secondly, a compressed gas front in a pressure wave increases the PM
concentration due to a pressure ratio effect,

C+
m =Cm,0

P+

P0
(5.8)

where P+ is the increased pressure at the wave front, and P0 is the
background pressure inside the FEN chamber. This effect, however,
implies a scaling relation between P45,peak(i) and P45,tail(i−1), which is
not consistent with the correlations observed in Figure 5.5 and Table
5.2, which indicate the two parameters are different by an offset and
not a proportionality factor.

• Thirdly, a pressure wave at the tip of the sampling tube might enhance
the aspiration efficiency by reducing the velocity ratio according to
Equation 5.6 shown in Figure 5.6. Nonetheless, this effect, too, does
not justify the offset relation between P45,peak(i) and P45,tail(i−1), and
only affects super-micron particles that are uncommon for fresh HPDI
soot (see Chapter 6). More importantly, this mechanism depends on
the advection of the particles in the sampling tube, which, as discussed
in Section 5.5.2, requires much longer delays compared to the EVO -
P45,peak intervals observed in Figure 5.3.

A plausible mechanism that can generate the effects observed in Figure
5.5 is the resuspension of wall-deposited PM into the flow. This mecha-
nism does not require unrealistically large pressure ratios observed only in
strong shock waves, and can produce the offset-type correlations seen here.
A repeatable, relatively strong, pressure wave resuspends approximately the
same amount of deposited PM into the flow in each cycle, thereby producing
a light scattering peak that has a constant offset from the tail of its preced-
ing cycle (i.e., constant P45,peak(i)−P45,tail(i− 1) in Figure 5.3). The offset
depends on the amount of freshly deposited soot on the walls which is likely
correlated to the mean soot concentration during an operating point (i.e. P̄45

in Table 5.2). This effect can be observed in table 5.2, where the y-intercept
of the correlations (i.e. average relative rise of the peaks) is smaller for point
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pling tube, modeled in Equations 5.6 - 5.7.

6 which has a lower mean value of P45, and large for point 8 with a higher
mean P45.

As shown in the next chapter (Figure 6.5), a sharp peak in dm,g coincident
with the light-intensity peaks after EVO is consistent with the notion that
these patterns are caused by resuspension of wall deposits, which tend to
be larger. The particles that produce this artifact are presumably shed very
close to the FEN measurement volume, and cannot be captured by means
such as an impactor or a cyclone placed in the sampling line. Besides, such
devices negatively impact the FEN response time, which is critical for this
study. A redesigned sampling tube using a perforated inlet can attenuate the
EVO pressure pulses, while maintaining the favourable fast sample transfer
characteristics that are essential to our method, and is considered as a future
modification to the FEN. These intra-cycle correlations are examined to
better understand the underlying mechanisms that generate the observed
patterns in the light scattering traces. The description provided here is
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complemented by considering the FEN response time during the transient
skip-fired engine operation.

5.5.2 Response time of the exhaust-port measurement
system

To verify that single-cycle information can, indeed, be obtained from the
exhaust-port FEN light scattering measurements, a series of skip-firing tests
are conducted, demonstrated in Figures 5.4 and 5.7. The exhaust transfer
delay, t0 in ms or θ0 in CAD, is the time or crank-angle duration it takes the
gases to travel from the exhaust valve to the FEN. Moreover, τ in ms, and
δ in CAD, is the first-order time constant of the system, presumably due to
mixing. These are obtained from least-square regression fitting of a delayed
first-order response function, shown in Equation 5.9, to the light scattering
signal.

P45(θ) = P45,0 exp
(
−θ −θ0

δ

)
u(θ −θ0) (5.9)

Here, P45,0 is the light scattering signal prior to the first motored cycle
(defined similar to P45,tail(i− 1) during continuous firing), and u(θ − θ0) is
a unit step function (1 if θ < θ0, and 0 otherwise) that models the flow
transfer delay to the FEN. The crank-angle delay, θ0, and time constant, δ
in CAD, are marked in Figure 5.7. The original FEN P45 signal is the solid
blue line and the fitted first-order response is shown with dashed red line
for demonstration. Here, a skip-firing sequence containing 8 motored cycles
(cycles 392 - 399) is shown, but only the first three cycles are considered for
the least-square fit, so that the regression is not heavily influenced by the
background tail. The measurement response, θresp or tresp, is the exhaust
transfer delay plus two time constants, defined in Equation 5.10.

θresp = θ0 +2δ (5.10)

Here, crank-angle definitions are provided, as the least-square regression
is carried out on the crank-angle-resolved FEN signals. The time-based
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parameters, t0, τ, and tresp are calculated from the corresponding crank-
angle parameters considering the engine speed. By this definition, the light
scattering after θresp is mostly from the current engine cycle (more than
90%), as the remaining gases from previous cycles inside the FEN are purged
out. The mean value and standard deviation of θresp is determined based
on multiple (n ≈ 15) skip-firing sequences repeated at each operating point.
The delays and time constants and their uncertainty based on one standard
deviation of the repeated skip-firing sequences are summarized in Table 5.3.

Table 5.3: The sample transfer delay (t0, θ0) and time constant (τ, δ )
of the exhaust-port FEN measurement system in units of CAD
and time (milliseconds).

Engine point Speed Pexh crank-angle-based results Time-based results
[RPM] [bar-a] θ0 [CAD] δ [CAD] t0 [ms] τ [ms]

2 1350 285 177±30 152±39 22±4 19±5

3 1350 270 196±39 121±48 24±5 15±6

5 1350 268 192±21 113±21 24±3 14±4

6† 1500 222 235±14 80±23 26±2 9±3
(75) (89) (8.5) (10)

7 1200 196 182±32 168±103 25±4 24±14

8† 890 223 160±20 109±51 30±4 21±10
(91.5) (69) (17) (12.8)

†Numbers in brackets are from the GT-Power modeling study of [185].

The sample transfer delay, t0 in milliseconds, is similar for different op-
erating points, as it mostly depends on the distance of the sampling tube
from the exhaust valve and the length of the sampling tube. Other factors
such as engine speed, and in-cylinder and exhaust pressures have secondary
and tertiary effects. The time constant, τ, however, depends largely on the
measurement volume of the FEN and its flow rate. The longer τ for point
7, for instance, is likely due to the low SCRE exhaust pressure reducing the
sample flow rate, while large τ for point 8 is likely due to a low engine speed
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and increased mixing time inside the SCRE exhaust. The extent to which
τ depends on the SCRE conditions vs the FEN is not clear and cannot be
determined from these tests, especially given the large error bars.

Points 6 and 8 had been numerically studied using a GT-Power simula-
tion toolkit, where the transfer delay and time constants were obtained by
tracking artificially injected tracer gas in the exhaust [185]. The advantage
of this approach is that, unlike the experiments, the response times may be
determined for fired engine operating points. The GT-Power results, never-
theless, predicted t0 values that are 2 - 3 times shorter than their correspond-
ing measured skip-fired values. Increased cylinder pressure and stronger
blow-down events during the fired operation may have contributed to this
discrepancy. The difference is also partly due to higher velocities predicted
by the model, evident from the 20% - 30% over-predicted exhaust flowrate
from the GT-Power results compared to the experimental data reported in
[185]. The time constant values do not follow similar trends between the
two points, i.e. the GT-Power τ and δ are similar to the experimental vales
for point 6, but are 40% smaller for point 8.

Based on the results in Table 5.3, the experimental θresp and tresp are in
the range 380 - 520 CAD and 45 - 70 ms, respectively. The response times
are less than the single-cycle time threshold (tsc in Equation 5.1), which
is in the range 80 - 130 ms for the engine speeds tested here, confirming
that measuring single-cycle soot concentration is feasible. The numerically
determined GT-Power θresp and tresp are considerably smaller, and are in
the range 230 - 255 CAD and 29 - 43 ms, respectively. The response times
from the skip-firing (SF), the numerical GT-Power model (GT) [185], and
the iso-thermal model (IT) of [28] (Equations 5.3 and 5.5) are compared
for points 6 and 8 in Figure 5.8. The experimentally measured θresp,SF is
longer than the corresponding modeling results, likely due to lower cylinder
pressure during motored operation, as pointed out earlier. The GT-Power
θresp,GT , on the other hand, is located earlier than the signal plateau for
point 6, and thus seems to underestimate the response time at higher engine
speeds. The formulation used to calculate the iso-thermal response time only
considers the flow inside the sampling tube based on Equations 5.3 - 5.5. For
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a pressure ratio of 2, typically observed between the exhaust port and the
FEN measurement volume and the dimensions of the sampling tube, tresp,IT

is 10 ms, too short compared to other results, since the delay in the exhaust
pipe is not considered. This is addressed by considering an additional delay
based on a mean exhaust gas velocity calculated from the mean piston speed.
The modified tresp,IT shown in Figure 5.8, is still considerably shorter than
tresp,SF and tresp,GT .

Lastly, cycle-based soot mass concentration, Cm(i), is calculated by av-
eraging its corresponding crank-angle-resolved series over the θresp − θEVO

period,

Cm (i) =

∫ θEVO
θresp

Cm (θ)dθ
θEVO −θresp

(5.11)

where θresp is the experimentally-derived value from the skip-firing tests.
Starting the averaging interval from θresp,SF guarantees that variations due
to early transitions in FEN light scattering do not affect the average. Since
the light scattering traces are steady in this interval, a uniform averag-
ing, similar to [93, 110], is considered appropriate to determine the cycle-
specific soot concentrations. Applications of the procedures developed here
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are demonstrated in Chapter 6 to characterize the cycle-to-cycle variations
of engine-out soot concentration and investigate its correlations with cycle-
specific in-cylinder parameters.

5.6 Summary and conclusions
In this chapter, we developed a method for determining a single-cycle soot
concentration based on light-scattering signals from the exhaust-port FEN
measurements. To develop a signal-averaging procedure, first, the crank-
angle-resolved FEN light scattering traces are phenomenologically analyzed
during continuous and skip-fired engine operations. With this analysis,
the characteristics of the light scattering signatures are correlated with the
exhaust-port sampling conditions, and are utilized to determine the tran-
sient response time of the sampling and measurement system implemented
with the FEN.

The crank-angle-resolved FEN signals are divided in two distinct regions,
an initial dynamic segment starting from the EVO through the middle of the
cycle, followed by a relatively steady tail for the remainder of the cycle. The
timing and magnitude of the light-scattering peaks after EVO resembled
the repeatable peaks in the exhaust pressure traces. These light-scattering
peaks are shown to rise by a same amount above the light-scattering inten-
sity during their preceding cycle, for all cycles during an operating point.
After critically examining several mechanisms for generating such patterns,
it is believed that exhaust pressure waves, generated by the EVO, resuspends
the wall-deposited particles into the sampled flow causing a repeatable spike
in the light scattering signal. The shed particles are close to the FEN mea-
surement volume and cannot be removed by a cyclone or impactor in the
sampling line, instead, modified sampler inlets that attenuate the pressure
pulses are considered and will be tested in the future FEN rebuilds.

A response time of 40 - 70 ms, equal to 380 - 520 CAD, based on analyz-
ing the transient light-scattering traces during skip-fired engine operation
was noted for the FEN. These experimentally-determined response times
are compared with the numerical and analytical models in the literature
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and is shown to give more conservative estimates for fired engine opera-
tion. It is concluded that the measured response times are shorter than the
engine cycle time period, and hence are suitable for single-cycle measure-
ments. Practical applications of the single-cycle method developed here is
demonstrated for studying cycle-to-cycle variability of the engine-out soot
concentration and its correlations with the underlying combustion processes
in the next chapter.
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Chapter 6

Cycle-resolved engine-out
soot concentrations from a
pilot-ignited direct-injection
natural gas engine1

6.1 Overview
Cycle-resolved measurement of engine-out particulate matter (PM) enables
quantifying the cycle-cycle variations and their impacts on emissions. Here,
a methodology for cycle-specific soot concentration (Cm) measurement is
developed to characterize the cycle-cycle variability of engine-out soot and
its correlations with the in-cylinder processes. To achieve the fast response
times necessary for this study, soot is sampled with the Fast Exhaust Neph-
elometer (FEN) near the exhaust valve of a single-cylinder research engine
(SCRE) for light-scattering mass concentration and size measurements.

1This chapter is based on a manuscript authored by Kheirkhah P, Kirchen P, and
Rogak S., entitled “Measurement of cycle-resolved engine-out soot concentration from a
diesel-pilot assisted natural gas direct-injection compression-ignition engine”, accepted for
publication in the International Journal of Engine Research. Parts of this manuscript were
presented in Chapter 5, and necessary modifications are made for the flow of the thesis.
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Exhaust-port FEN measurements are validated with gravimetric soot
mass concentration and mobility diameter measurements of diluted soot.
The condition of the diluted sample is important and must be considered.
In particular, while the soot concentration and sizes of the diluted exhaust-
port sample is similar to the measurements obtained from the FEN, samples
extracted downstream of the exhaust system have 50 - 70 nm larger mean
mobility diameters and different morphology due to coagulation.

By considering at least 1500 cycles per operating point, cycle-specific
GIMEP and Cm are negatively correlated (R2 ∼ 0.2 - 0.7), implying that
cycles with lower GIMEP emit more soot; however, the physical causes
of this association deserve further investigation. The mean concentrations
obtained by averaging the FEN signals, are similar to those obtained from
diluted gravimetric filter measurements, but the cycle-to-cycle variations
can only be detected with the FEN. This property can be utilized in future
to characterize the transient real-world engine emissions, or to interpret the
in-cylinder variabilities observed in optical research engines.

6.2 Introduction
The real-world motor vehicle soot emissions are affected by the transient
engine operation, especially the variability of the in-cylinder combustion. A
significant fraction of the total engine-out PM is produced during the tran-
sient events, where peak concentrations tenfold the steady state amounts are
experienced [70]. Regular PM instruments are too slow to measure these
excursions which might last only for a few cycles [69]. The cycle-specific
gaseous emissions and their correlations with the in-cylinder combustion is
demonstrated in research studies. For instance, the nitrogen oxides (NOx)
concentration measured with a Cambustion CLD-500 is shown to be posi-
tively correlated to the peak cylinder pressure, presumably due to the en-
hanced NOx formation rate brought about by higher cylinder temperatures
[110]. The exhaust-stream soot emissions, however, have not been studied
on a cycle by cycle basis. This topic deserves further research, primarily due
to the large sensitivity of soot formation and oxidation to the combustion
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conditions.
Studies of cycle-resolved engine PM are scarce and mostly limited to

in-cylinder optical measurements. Pyrometry technique, for instance, es-
timates the in-cylinder soot concentrations by measuring the crank-angle-
resolved optical thickness of the soot cloud (KL) from natural luminosity
[102, 197]. Obtaining cycle-specific soot concentrations, however, is prone
to noise due to weak natural luminosity late in the cycle, and has large
variations from cycle to cycle. The cycle-specific in-cylinder soot is char-
acterized by KLend defined at the latest crank angle where solutions to the
multi-colour pyrometry equations exist, typically 40◦ to 60◦ aTDC.

λ α
1

[
1− eC/λ1T −1

eC/λ1Ta,1 −1

]
= λ α

2

[
1− eC/λ2T −1

eC/λ2Ta,2 −1

]
(6.1)

where, λ1 and λ2 are the pyrometry wavelengths, C = 1.43×10−2 mK, and
Ta is the apparent soot temperature [100]. It is not clear whether the large
variations in KLend are physical or an artifact of the method. This is par-
ticularly challenging when such variabilities are manifested during seem-
ingly stable pressure and heat-release traces. Examining these requires
quantitative single-cycle measurements in the exhaust port, which are rare
in the literature, and in the few existing cases, are limited to qualitative
demonstrations[154].

Here, we use the Fast Exhaust Nephelometer (FEN) characterized for
quantitative steady-state soot measurement, and shown to be capable of de-
tecting the single-cycle changes in exhaust-port soot concentrations. Cycle-
specific soot concentrations are correlated with the cycle-specific gross in-
dicated mean effective pressure (GIMEP), which showcases how the FEN
can be utilized to capture the effects of in-cylinder variabilities on the ex-
haust soot. FEN light scattering measurements are converted to soot mass
concentration and mass-mean mobility diameters using the inverse RDGFA
model introduced in Chapter 4, and the quantitative results are validated
with diluted engine soot measurements in Section 6.4.1. Lastly, the corre-
lations between the cycle-resolved exhaust soot and in-cylinder combustion

125



GIMEP are explored for the engine operating points introduced in Chap-
ter 3 (reviewed here in Table 6.1), and its results are presented in Section
6.4.2.

6.3 Research methodology
The work presented here is carried out on the experimental facility, namely
the SCRE and the in-cylinder and exhaust instrumentation, described earlier
in Chapter 3. The results from the previous chapters, particularly the in-
version methodology for the FEN in Chapter 4 and its crank-angle-resolved
response times in Chapter 5 are applied to obtain quantitative soot con-
centrations at the exhaust-port with a single-cycle resolution. Here, the
experimental procedures and data post-processing methods are explained.

6.3.1 Experimental setup
The FEN is mounted for exhaust-port sampling from SCRE, shown in Figure
6.1. The engine is operated in a steady-state continuous fashion without
disruptions to the injection. The signals from the FEN photodetectors,
the in-cylinder piezo-electric pressure sensor, and the intake- and exhaust-
port pressures are recorded on the fast DAQ with 0.5◦ CAD resolution, and
processed to characterize the in-cylinder combustion and exhaust-port soot
emission, as described in Section 6.3.2.

PM characterization

In addition to the raw exhaust-port FEN measurements, the SCRE PM is
characterized based on diluted gravimetric mass concentration with filters,
mobility diameter with the SMPS, and morphology based on TEM sam-
ples. Two sampling points are considered for the diluted measurements,
shown in Figure 6.1. A sampling point located after the exhaust surge tank
(denoted post-surge-tank or PST sample) allows for a controllable dilution
ratio, which was utilized during the FEN calibration in Chapter 4. A second
sampling point is located at the exhaust of the FEN and has a constant ratio
of ∼ 20:1, denoted exhaust-port or EXP sample. Both samples are diluted
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with HEPA-filtered air using ejector nozzles, and measured for mass con-
centration, mobility diameter, and the soot morphology, to determine the
effects of particle coagulation in the exhaust system and ensure that proper
parameters are used for the FEN light scattering inversion. The layout of
the experimental system is shown in Figure 6.1.

As mentioned in Chapter 3, the gravimetric filters are placed before the
thermodenuder, due to flow rate restrictions, and may be affected by the
condensed volatile and semi-volatile compounds (VOC and SVOC). The
PM concentration time series from the Dusttrak are used to track the time
variation of soot concentration during the filter loading, that could occur
due to variabilities in the engine operating condition. It is also used to
measure the pre- and post-thermodenuder PM concentration to determine
the mass removal rate in the thermodenuder. As the Dusttrak measures
soot indirectly from light scattering, it is not used for validating the FEN,
and its time-series are provided in Appendix I; nevertheless, its implications
for the validation of the FEN measurements are discussed in Section 6.4.1.

6.3.2 Data analysis methods
The cycle-resolved soot concentrations and in-cylinder combustion param-
eters are calculated based on the recorded crank-angle-resolved data. The
in-cylinder combustion is characterized based on the gross indicated mean
effective pressure (GIMEP) and the combustion phasing (θ50), calculated
from in-cylinder pressure and heat release rates.

The crank-angle-resolved light scattering intensities measured with the
FEN, P45, P90, and P135, are filtered using a 10◦ moving average, and inverted
into soot mass concentration Cm, geometric mass-mean mobility diameter
dm,g, and geometric standard deviation σm,g of the polydisperse samples,
based on the method of Chapter 4. The crank-angle-resolved signals are
processed according to the flowchart in Figure 6.2, with the light scattering
inversion block shown in the top and mid sections of the Figure. The mor-
phological parameters needed for the inversion of the light scattering signals
are obtained from TEM image processing, described in Chapter 4. The de-
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tails of the morphology analysis and the resulting pre-factors and exponents
(DT EM, dp,100, D f , and k f ) are provided in Appendix G for the PST and
EXP samples. The morphological parameters used for the results presented
here are based on the EXP samples. Other parameters used in the inversion
are similar to Chapter 4 Table 4.1. The crank-angle-resolved in-cylinder
pressure and heat-release-rate and the inverted FEN results are processed
to give the cycle-specific quantities, namely the GIMEP, θ50 (Equations
3.1-3.3), and the soot Cm, dm,g, and σm,g (Equation 5.11), and are discussed
below.
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6.4 Results and discussion
The cycle-resolved variability of the exhaust soot emission and the correla-
tions between the in-cylinder combustion and cycle-resolved Cm are investi-
gated over the engine operating conditions listed in Table 6.1. The operat-
ing points are similar to Table 3.4 in Chapter 3, except that point 9 is re-
moved due to excessively high equivalence ratio. The averaged exhaust-port
FEN results are validated against diluted PM measurements, and the cycle-
resolved FEN concentrations are compared against the in-cylinder combus-
tion parameters.

Table 6.1: SCRE operating points tested for the FEN single-cycle
exhaust-port measurement.

Engine point Engine speed GIMEP θ50 ϕ EGR Pexh
[RPM] [bar] [◦aTDC] [-] [%] [kPa-a]

1 1335 16.0 12.7 0.65 19 276
2 1350 16.0 12.7 0.55 12 285
3 1350 15.5 15.5 0.54 13 270
4 1350 15.5 20.0 0.75 22 275
5 1350 16.0 20.0 0.65 15 268
6 1500 11.8 11.2 0.55 20 222
7 1200 12.2 10.0 0.70 0 196
8 890 9.9 11.3 0.53 46 223

6.4.1 Validation of the FEN exhaust-port measurements
To validate the exhaust-port Cm and dm,g measured with the FEN, diluted
samples from the post-surge-tank (PST) and exhaust-port (EXP) locations
are measured and compared with the FEN. The soot at the PST location can
be different from the exhaust-port samples due to particle coagulation inside
the exhaust pipes. This is investigated by measuring a diluted EXP soot
sample taken from the exhaust of the FEN. The two sampling and dilution
configurations are schematically shown in Figure 6.1 and the results are
explained here.

The results for the gravimetric soot Cm and the SMPS dm,g and σm,g

from the EXP and PST samples are shown in Table 6.2. The exhaust Cm
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reported in Table 6.2 is based on the diluted filter masses corrected by the
dilution factor (Equation 3.4), and the dm,g values are calculated from the
original SMPS number scans using the soot effective density [47]. The light
scattering from soot is weighted by higher moments of mobility diameter
similar to particle mass; therefore, the mass-mean instead of the number-
mean mobility diameter is considered for validating the FEN light scattering
soot diameters, similar to [98].

The morphological parameters D f , k f , DT EM, and dp,100 are based on
the TEM samples collected for points 1, 2, and 7 and are provided in Ap-
pendix G, and the rest of RDGFA parameters are similar to Table 4.1. In
the absence of TEM samples for other SCRE points, the morphological pa-
rameters from points 1 and 2 are averaged and used. As point 7 is run with
0% EGR, its morphological parameters are remarkably different from points
1 and 2. Therefore, the TEM parameters obtained for point 7 are used only
for the inversion of the signals collected at this point.

The results in Table 6.2 show that dm,g of the exhaust-port soot is smaller
than the post-surge tank samples by 50 - 70 nm, confirming that particle
coagulation in the engine exhaust path increases the dm,g. The two sampling
locations have different morphological parameters as well, which is provided
in Appendix G. Samples from points 1 and 2 indicate that PST mass con-
centrations are lower than the EXP concentrations, and the difference is
significant compared to the variability of the engine operating point. Points
4 and 5, on the other hand, show similar mass concentrations for both the
PST and EXP samples. The reason for this dissimilarity is not completely
clear; it is possible that discrepancies are due to the run-to-run or day-to-day
variability and is further discussed in Section 6.4.3.

The mean cycle-specific Cm and dm,g are evaluated for each operating
point based on the FEN data and compared to the corresponding met-
rics from the SMPS and gravimetric instruments. The measurements are
repeated multiple times to ensure the results are not biased and the conclu-
sions are statistically valid.

The SMPS mobility diameters measured from both the EXP and the
PST samples are compared with the exhaust-port FEN dm,g in Figure 6.3.
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Table 6.2: Gravimetric filter mass concentration and SMPS mobil-
ity diameter measurement results. Filters from the post-surge-
tank (PST) sample are collected for all points, while the diluted
exhaust-port (EXP) filters are only collected for points 1, 2, 4,
and 5. The ranges are based on the recorded minima and max-
ima.

Engine PM Gravimetric Cm SMPS dm,g SMPS σm,g
point sample [mg/m3] [nm] [-]

Point 1 PST 55-75 195-210 1.60-1.65
EXP 86-100 126-140 1.47-1.56

Point 2 PST 16-22 150-170 1.50-1.55
EXP 27 115-120 1.45-1.48

Point 3 PST 9.4 155-170 1.42-1.45
EXP - - -

Point 4 PST 23-30 145-170 1.57-1.60
EXP 30 94-100 1.50-1.55

Point 5 PST 9-10 130-160 1.40-1.50
EXP 9-10 85-100 1.45-1.50

Point 6 PST 27-31 160-170 1.55-1.60
EXP - - -

Point 7 PST 17-19 140-170 1.55-1.60
EXP - 90-97 1.50-1.60

Point 8 PST 96 300-325 1.90
EXP - - -

The dm,g measured using the two instrument generally agree for the EXP
sampling location, while the soot particles sampled downstream of the SCRE
exhaust path are 50-70 nm larger. The particle coagulation rates expected
based on the undiluted exhaust concentrations (a coagulation time constant
of ∼ 8 - 10 s is calculated for 100 nm aggregates assuming a typical raw
exhaust concentration of 2×108 cm−3) are considered the cause of this dif-
ference [172]. The FEN-inferred engine-out soot diameters are in the same
range as the EXP SMPS measurements; nonetheless, small changes in the
mean soot diameter from one operating condition to another cannot be re-
solved with the FEN. It could be that the variabilities in the engine affects
the FEN, EXP, and PST samples differently, as the PST and EXP measure-
ments are not simultaneous, and both have different sample transit times

132



0 50 100 150 200 250
SMPS  d

m,g
 [nm]

0

50

100

150

200

250
F

E
N

  d
m

,g
 [n

m
]

Point 1
Point 2
Point 4
Point 5
Point 7

SMPS measuring
EXP samples

SMPS measuring
PST samples

Figure 6.3: The averaged FEN dm,g compared with the diluted SMPS
dm,g of the exhaust-port (EXP, filled [black] symbols) and the
post-surge-tank (PST, open [red] symbols) samples. Engine op-
erating points are shown with different symbols, and the dashed
line is the 1:1 guideline.

compared to the FEN.
Similarly, the averaged FEN Cm for different engine tests is compared

with the gravimetric soot mass concentration measured from the diluted
samples at EXP and PST in Figure 6.4. The gravimetric mass concentra-
tions in Figure 6.4 are based on the diluted EXP samples when available,
and otherwise based on the PST samples (points 3, 6, 7, and 8), as the two
are considered to be similar as discussed earlier. The vertical scatter of sim-
ilar symbols for a given operating point indicates a changing exhaust-port
soot concentration while collecting a filter sample (∼ 15-20 minutes). The
Dusttrak time-resolved data (provided in Appendix I) indicates similar vari-
ations in the diluted PM concentration for points with substantial vertical
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Figure 6.4: The averaged exhaust-port (EXP) FEN compared with
the gravimetric Cm. The gravimetric filter masses are corrected
for the dilution ratio. Different operating points are segregated
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tions are based on the EXP samples when available, and other-
wise based on the PST samples.

scatter, likely due to variabilities in the engine operating condition.
The mass concentration from the FEN depends on the measured light

scattering and the parameters used in its inversion. Deviations from the
unity line in Figure 6.4 indicate a difference between the exhaust-port light-
scattering Cm and the diluted gravimetric mass concentration. The normal-
ized root-mean-square deviation (NRMSD) of the FEN Cm for the gravimet-
ric datum is defined in Equation 6.2, and is close to 30%.

NRMSD =
1

C̄m,grav

√
∑(Cm,FEN −Cm,grav)

2

N
(6.2)
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The sample population (N in Equation 6.2) is 63, considering the mea-
surement repetitions for different operating points, as shown in Figure 6.4.
Differences in the range of 25% - 30% might be attributable to the uncer-
tainty of FEN inversion as it is sensitive to the physical and morphological
properties of soot [98, 123, 143]. It can also be attributed to the VOC and
SVOC material condensed onto filters or the variability of the engine operat-
ing point as discussed earlier. Based on the Dusttrak measurements before
and after the thermodenuder (provided in Appendix I), and the estimated
particle losses (provided in Appendix C), it is possible that some samples
(e.g. point 4) contain up to 25% condensed SVOC, which explains some of
the discrepancy between the gravimetric and exhaust-port light-scattering
measurements in Figure 6.4. This is consistent with previous research on
the same engine that operating conditions similar to points 4 and 7 could
contain more than 20% volatile and semi-volatiles in the total PM mass
[155].

6.4.2 Cycle-specific soot emissions
The cycle-specific soot concentration series may be constructed from the
procedures laid out in Chapter 5 to characterize the cycle-to-cycle varia-
tion of engine-out soot emissions, correlated with the single-cycle in-cylinder
combustion.

The crank-angle-resolved Cm and dm,g, shown in Figure 6.5 over a single-
cycle 720 CAD period indexed at the exhaust valve opening (EVO), are
derived from the inversion of the crank-angle light scattering intensities (top
panel). Larger soot diameters shortly after the EVO are coincident with the
peaks of the light scattering. Occasionally, the dm,g was unrecoverable from
the inversion process in the peaked intervals, as the ratios were outside the
valid bounds of the RDGFA model. The description given in Chapter 5
for the light scattering traces and the sampling flow in the FEN, attributes
these peaks to the resuspension of wall-deposited particles due to the passing
pressure waves. The crank-angle dm,g plots shown here are consistent with
this description, indicating that the light scattering signals correspond to
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larger particles, which tend to be different from fresh engine soot.
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Figure 6.5: The crank-angle-resolved light scattering P45 (top), the
inverted dm,g (middle) and the Cm (bottom) traces during one
engine cycle period, indexed at EVO. The data corresponds to
point 1 operating condition.

Exhaust port cycle-specific soot concentrations (Cm(i)) are shown for
2000 cycles in Figure 6.6, where each point in the series represents an engine
cycle based on the crank-angle-averaging procedure in Equation 5.11, also
illustrated in the bottom right panel of Figure 6.6. The series of soot Cm

and dm,g and combustion GIMEP and θ50 between cycles 400 and 600 for
this engine point are shown in the left panel of Figure 6.6. During the
empty sections in the series, the laser is turned off to cool the diode and
extend its longevity. The overlaid solid red line on the Cm series is a 10-cycle
moving average, applied to the series to simulate the measurement from an
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instrument with a response time of 0.5 s, such as the instruments listed in
Chapter 2 Table 2.1.
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Figure 6.6: The cycle-resolved concentration series for 2000 consecu-
tive cycles for steady-state operation at point 2 (top). Each
point in the series is constructed based on Equation 5.11,
demonstrated in the right panel. The soot Cm and dm,g and
the combustion GIMEP and θ50 are plotted between cycles 400
and 600. The solid red line is a 10-cycle moving-average filter
applied to the original Cm series. High and low soot concen-
trations (marked with circles) are coincident with low and high
GIMEP respectively.

The FEN reveals significant variations in cycle-specific soot during steady
operations, denoted by the difference between the cycle-resolved and the fil-
tered series. Until now, sudden changes to the engine-out soot was observed
only during transient engine operations [70]. Optical measurements in the
past have shown similar cycle-cycle variations based on the in-cylinder py-
rometry measurements in diesel engines, but had not been validated with
any exhaust-stream reference.

The cycle-to-cycle variations of soot concentration, shown in Figure 6.6,
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is significant as the range of variations is comparable to the mean. Here, for
instance, the variations of Cm are in the ranges 5-35 mg/m3 while its mean
is 20 mg/m3. Furthermore, cycles with significantly higher or lower Cm

correspond to cycles with lower or higher GIMEP, respectively. Such cycles
are indicated in Figure 6.6 (numbers 412, 455, 499, and 586, the single-cycle
crank-angle series shown on the right belongs to the latter). The combustion
phasing, θ50 (the bottom panel) do not seem to indicate any particular trend
in the exhaust soot series, as cycles 412, 455, 499, and 586 have different
combustion timings. The correlations between the engine-out soot mass
concentration and the combustion GIMEP are further investigated in the
next section.

The mean value and the coefficient of variation (COV, standard deviation
divided by the mean) for the cycle-resolved FEN soot mass concentration,
and the combustion GIMEP and θ50 are summarized in Table 6.3, and cor-
respond to repeated tests on multiple days. The COV of the Cm are in the
range 30% - 50%2. The COV of the GIMEP is 1.2 %, and do not seem to
explain the changes in the COV of Cm between different operating points or
repetitions of the same operating point. While their COV is not correlated,
there are correlations between the single-cycle GIMEP and Cm, as pointed
out in Figure 6.6, and further discussed in the next section. It is also noticed
that the engine operating points could vary due to the day-to-day variabil-
ity, which explains the differences between the mean value of FEN Cm for
different repetitions.

6.4.3 Correlations between the soot emission and the
in-cylinder combustion

The cycle-specific soot Cm are correlated with the cycle-specific combustion
GIMEP, shown in Figure 6.7, where each dot in the scatter plots represents
an individual cycle. The lines shown in the figure are the linear least-square
fits to the cluster of dots for each engine operating point, typically containing
1300-1600 cycles. Same colors are used for repeated points in the same day

2The repetition of point 5 on day 5 has close to 100% variations
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Table 6.3: The mean and the standard deviation of the cyclic varia-
tions of the FEN Cm, the combustion GIMEP and θ50. Results
from repeated operating points on different days are presented,
and are consistent with Figure 6.7.

Engine Test Cm [mg/m3] GIMEP [bar] θ50 [◦aTDC]
Point day mean COVcyclic mean COVcyclic mean [◦] σcyclic [◦]

1 3 111.2 35 % 16.6 1.6 % 13.1 0.42
7 73.3 29 % 15.8 1.3 % 14.2 0.31

2
1 27.2 49 % 16.5 1.2 % 12.9 0.30
2 29.1 45 % 16.0 1.2 % 13.2 0.29
4 15.7 43 % 16.1 1.9 % 13.3 0.53
6 18.7 56 % 15.8 1.2 % 14.1 0.37

3 1 12.0 54 % 14.9 0.9 % 15.0 0.22
2 19.4 46 % 15.7 1.0 % 16.8 0.25

4 5 9.5 39 % 15.4 1.8 % 21.4 0.96

5 1 7.5 56 % 16.6 0.7 % 20.2 0.23
5 8.0 100 % 15.9 1.6 % 20.6 0.85

6 1 21.3 41 % 11.6 1.6 % 11.5 0.26
2 28.8 36 % 11.9 1.2 % 11.5 0.29

7
1 11.9 35 % 11.7 1.2 % 10.0 0.29
2 14.4 33 % 12.4 1.2 % 10 0.3
7 6.8 56 % 11.8 1.2 % 10.8 0.25

8 1 91.1 23 % 9.9 1.0 % 11.6 0.33

and are distinguished from operating points repeated on different days. A
correlation between the cycle-specific soot mass concentration and GIMEP
is evident from Figure 6.7, with more details summarized in Table 6.4.

Possible correlations between the cycle-resolved exhaust soot concentra-
tion and combustion phasing, characterized based on CA50 and CA90, were
considered too, but indicated weak correlations (with R2 less than 0.1), and
are not further discussed here. The negatively correlated Cm and GIMEP
indicates that cycles with lower GIMEP tend to emit higher soot mass. This
is while a positive correlation factor between the GIMEP and soot emissions
is evident in the literature [128]. Those studies, however, track changes in
the mean-value of soot emissions between operating points with different
mean GIMEP, likely due to different fueling and combustion parameters.
Here, the variations within the operating points are studied which might be
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Figure 6.7: Correlations between the cycle-specific soot mass concen-
tration Cm and combustion GIMEP. Different operating points
are shown in separate panels, each is repeated on the same day
and in different days. The lines show the linear least square fits
to clusters from each repetition. Repeated operating points on
different days are shown with different colors and line styles.

caused by variabilities in air-fuel mixing [87, 109], injector shot-to-shot varia-
tions [69], or early ignition processes [164]. The increased soot concentration
at lower GIMEP could be due to changes in the soot oxidation processes,
which are also subject to significant cycle-cycle variabilities based on the
in-cylinder measurements [87, 102, 197]. Such effects, however, were not
manifested in the thermodynamically calculated combustion phasing (θ50 or
θ90) in this study. In-cylinder optical diagnostic tools and cycle-resolved ex-
haust gas measurements are needed alongside the FEN to investigate these
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effects, which are beyond the scope of this work.

Table 6.4: Examining the correlations between the cycle-resolved ex-
haust soot Cm and the combustion GIMEP. The number of cycles
per operating point, and the R2 and the slopes of the Cm-GIMEP
correlations from repeated tests are shown.

Engine Test No. of No. of cycles Cm-GIMEP
Point day repeats per repeat R2 ±σ slope ±σ [mg/m3bar]

1
3 6 1480 0.24 ± 0.21 -37.9 ± 23.0
7 6 1640 0.68 ± 0.01 -82.6 ± 8.4
7∗ 3 1608 0.66 ± 0.01 -55.8 ± 2.3

2
1 2 1444 0.65 ± 0.02 -53.2 ± 3.2
2 2 1498 0.67 ± 0.01 -53.7 ± 0.5
4 12 1361 0.56 ± 0.06 -21.7 ± 2.9
6 4 1478 0.21 ± 0.11 -11.4 ± 3.7

3 1 2 1497 0.51 ± 0.01 -29.5 ± 0.3
2 2 1504 0.59 ± 0.01 -40.1 ± 1.3

4 5 10 1495 0.21 ± 0.08 -8.7 ± 2.1

5 1 3 1473 0.31 ± 0.01 -15.3 ± 1.1
5 11 1506 0.04 ± 0.07 -2.8 ± 2.7

6 1 3 1641 0.44 ± 0.03 -38.2 ± 2.0
2 1 1682 0.52 ± - -50 ± -

7
1 4 1414 0.28 ± 0.04 -14.9 ± 2.6
2 1 1316 0.36 ± - -18.6 ± -
7 7 1478 0.14 ± 0.07 -8.9 ± 2.3

8 1 2 970 0.29 ± 0.22 -134.4 ± 56.6
∗ A drift in the last three runs of point 1 was observed.

The R2 and slopes of the cycle-specific Cm-GIMEP correlations are sum-
marized in Table 6.4, and vary across different operating points. Different R2

and slopes exist for the repetitions of same operating points too, likely due
to variations in the engine set-point (e.g. mean GIMEP) between different
days as previously discussed. The variability in the engine set-points might
be due to seasonal changes in the natural gas and diesel fuel composition,
or intake air temperature and humidity, since tests are done over a one-year
period.

Strongest correlations are observed for points with high GIMEP and
early θ50 (points 1, 2, and 3) with R2 values in the range 0.5 - 0.7, and
the weakest correlations are observed for point 4 with late θ50, and point 7
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operated without EGR, where the R2 values are in the range 0.2 - 0.3. In
the past, correlations between the cycle-specific exhaust NOx and cylinder
Pmax had been observed with positive NOx-Pmax slopes [10, 93]. Such corre-
lations are important for characterizing the cycle-to-cycle variabilities, and
suggests that the overall emission factors can be improved by minimizing
the variations.

6.5 Summary and conclusions
The single-cycle engine-out soot emissions from a pilot-ignited direct-injection
natural gas (PIDING) single-cylinder research engine (SCRE) is measured
with the Fast Exhaust Nephelometer (FEN) at the exhaust-port. The light
scattering intensities of the FEN are converted to soot mass concentration
(Cm) and mass-median mobility diameter (dm,g) using the RDGFA light scat-
tering lookup tables. The parameters of the RDGFA model are determined
from analyzing the TEM soot images, and from the literature. Using these
parameters, the exhaust-port soot concentration and sizes are validated with
diluted gravimetric filter mass and SMPS mobility diameter measurements.
It is noted that the soot aggregate growth can be significant (50-70 nm)
between exhaust-port and downstream soot sampling points.

Using the cycle-resolved FEN measurements, the single-cycle soot mass
concentrations are shown to be negatively correlated with the in-cylinder
combustion gross indicated mean effective pressure (GIMEP). The correla-
tion R2 are in the range 0.2 - 0.7, which is significant given the large number
of engine cycles per operating point (nc ∼ 1500). Moreover, the correlation
slopes are negative, indicating that cycles with low GIMEP are prone to
increased soot. Variations are noted in the repetitions of the engine points,
which affect the GIMEP-Cm correlations as well. Cycle-specific correlations
between the in-cylinder combustion and the exhaust emissions have been
previously shown for gaseous species, but is for the first time demonstrated
between exhaust soot and GIMEP. This information is relevant for evalu-
ating PM control strategies in transient operations, especially in real-drive
emissions (RDE) measurements.
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The methods demonstrated here are useful to other applications, where
the cycle-resolved variations are important and must be characterized. These
include research applications such as the in-cylinder optical diagnostics to
better understand the variability of soot oxidation processes. The FEN can
also be implemented on single- or multi-cylinder engines during transient
operations to provide insight into the short-lived transient soot excursions
and cylinder imbalances that are critical to engine optimization.
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Chapter 7

Conclusions and
recommendations

Development of PM instruments suited for fast exhaust measurement of
transient engine emissions is critically necessary given the recent trends in
regulatory requirements and competition for cleaner engines. In this work,
a method for measuring the engine-out soot size and concentration with a
single-cycle time resolution based on a Fast Exhaust Nephelometer (FEN)
was demonstrated. The FEN was implemented for exhaust-port sampling
from a single-cylinder research engine (SCRE) on a dynamometer testbed,
and revealed patterns in soot emissions that had been obscure in the past,
due to lack of a sufficiently fast instrument for single-cycle exhaust-stream
soot measurement. The results of this work were discussed throughout the
thesis, and conclusions specific to each segment of the research were pre-
sented in the corresponding chapters. Here, a summary of the key findings
and overall conclusions are provided, and is followed with a subsequent dis-
cussion about the future research applications of the method.
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7.1 Summary of the research findings and
conclusions

Based on the objectives set out for this work, a method was developed and
implemented on a pilot-ignited direct-injection natural gas (PIDNIG) re-
search engine to measure its exhaust soot concentration and size. In order
to employ such a method for quantitative measurements, it was validated
with steady diluted exhaust soot, and its response to fast transients was
characterized during “skip-firing” engine operation. The development and
characterization of this method was tackled in two steps. First, an inversion
algorithm was developed to convert the steady-state FEN light-scattering
signals into soot concentration and polydisperse size distribution parame-
ters, which were validated against reference instruments. Second, a signal-
processing toolkit for single-cycle measurements based on the characteristics
of exhaust-port sampling was developed and incorporated with the validated
inversion model. A key feature of this methodology is its ability to measure
quantitative cycle-resolved soot concentrations that can be correlated with
other cycle-resolved engine parameters, most importantly, those related to
the underlying in-cylinder combustion processes. Below, the key findings
and overall conclusions of the work based on a holistic view of the previous
chapters are discussed.

7.1.1 The three-angle light scattering soot measurement
Light scattering measurements were carried out with the FEN, consisting
of three silicon photodetectors, a 405 nm laser system, and the necessary
focusing optics. It was shown that the FEN responds to concentrations of
diluted exhaust soot similarly to a commercially available light scattering
photometer, the Dusttrak DRX. Nonetheless, to obtain concentrations and
particle sizes that are comparable with gravimetric mass and mobility mea-
surements, the FEN light scattering intensities were processed with an inver-
sion tool-kit. The inversion procedure is based on lookup tables generated
with a RDGFA model, containing 9 parameters (D f , k f , DT EM, dp,100, Dα ,
kα , m = n+ iκ, and ρp) that model the properties of soot, and a coefficient,
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Figure 7.1: The mass concentration and mean mobility diameter re-
sults from the inversion of FEN light-scattering intensities com-
pared to gravimetric mass concentration (left), and SMPS mo-
bility diameter measurements (right).

ΛFEN , for the optical properties of the FEN. The effects of primary particle
polydispersity based on the external mixing hypothesis (EMH) were consid-
ered in the RDGFA model for a more realistic description of light scattering
from polydisperse samples.

The inverted mass concentration (Cm) and geometric mass-mean mobil-
ity diameter (dm,g) of the measured soot samples were, on average, within
a ∼ 10% range of the gravimetric mass concentration and SMPS mobil-
ity diameter measurements. Such small differences between the FEN and
gravimetric filters are justified based on an analysis of particle losses in a
thermodenuder placed between the two instruments. Differences in the mea-
sured diameters, however, are likely attributed to our aggregate modeling
assumptions, namely the equality between the mobility and projected-area
diameters, which is only valid in the molecular and parts of the transition
regimes. Despite such close agreements, the inversion results were sensi-
tive to the morphological and physical parameters of the RDGFA model.
Namely, Cm could vary by more than ±40% due to its sensitivity to the
model parameters, most notably the soot absorption coefficient (κ, imagi-
nary part of the refractive index), the primary particle diameter (dp), and
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the fractal pre-factor (k f ), or due to approximations inherent in the RDGFA
model. By implementing the primary particle-aggregate correlations derived
from the EMH model, these variations are reduced to within ∼ ±25% of the
reference measurements. The findings here improved our understanding of
the comparison between the gravimetric and light-scattering soot concentra-
tion measurements and can be applied in other applications where indirect
optical methods are used for measuring soot.

The diluted exhaust calibrations have demonstrated the validity of our
light-scattering inversion procedure, they have also highlighted the signifi-
cance of the inversion variabilities due to the uncertainty of the underlying
RDGFA parameters. This must be considered when conducting exhaust-
port measurements, as soot morphology changes in the exhaust system.
Using morphological parameters obtained from down-stream samples were
shown to generate gross discrepancies, whereas D f , DT EM, dp,100, and k f de-
termined from exhaust-port samples produced FEN results that were simi-
lar to diluted mass and mobility measurements, with variations of less than
30%. To measure exhaust-port soot concentrations with the FEN, the inver-
sion toolkit was applied to crank-angle-recorded FEN signals with provisions
based on the exhaust-port sampling conditions.

7.1.2 The cycle-resolved exhaust-port soot measurement
In order to minimize the measurement delays and realize the goal of devel-
oping a single-cycle measurement methodology, the FEN was implemented
at the exhaust-port of SCRE to characterize the engine-out soot. The light
scattering signals demonstrated consistent characteristics, but their inten-
sity varied during and between cycles. By considering intra-cycle corre-
lations between different segments of the light-scattering signals, relevant
characteristics of the exhaust-port sampling system was extracted. Pressure
waves emanated from the engine during exhaust valve opening (EVO), re-
suspended PM wall deposits into the sampled flow which crossed the laser
beam and generated a strong light-scattering peak shortly after EVO. In-
verted crank-angle-resolved dm,g histories during this period also indicated
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Figure 7.2: The FEN light scattering and the exhaust pressure his-
tories during consecutive engine cycles, showing the coherent
features repeated in every cycle.

larger particles, supporting our phenomenological understanding of early
fluctuations in light-scattering signals. This is, however, separate from the
engine exhaust gases which are transported convectively, and reach the FEN
much later. The arrival of fresh exhaust gases is coincident with a relatively
constant segment of the light-scattering signals, indicating a homogenous
mixture inside the FEN.

The response time of the FEN is defined based on the arrival of the
fresh exhaust charge determined from the skip-firing tests. The decaying
light-scattering traces caused by disabling the fuel injection were analyzed
to give the flow transfer delay (t0, θ0) and the time constant of the system
(τ, δ ). The measured response times based on the delay and time constants
from the skip-firing tests are in the 45 ms - 70 ms range, and are sufficiently
shorter than the duration of an engine cycle (80-130 ms), permitting single-
cycle soot measurement at the exhaust port. Correspondingly, the cycle-
specific soot concentrations and mean diameters were obtained based on
a crank-angle averaging scheme that considers the steady portion of the
crank-angle-resolved signals, marked in Figure 7.2.
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Figure 7.3: The correlations between the cycle-specific exhaust-port
soot mass concentration and the in-cylinder GIMEP.

The averaged exhaust-port measurements were validated against diluted
samples. The condition of the diluted sample was critical to this validation,
demonstrated by collecting two samples along the exhaust path, one close
to the exhaust port and the other down-stream of a surge tank. The down-
stream samples were affected by particle coagulation due to residence times
in the exhaust system, affecting their morphology and size, as mentioned
earlier. The raw (FEN) and diluted (filters) exhaust-port mass concentra-
tions were similar, where differences of less than ∼30% could exist for some
operating points. The observed differences are believed to be due to factors
such as semi-volatile condensation, different physicochemical soot properties,
or variability of the engine operating points coupled with the time difference
between the raw and diluted measurements.

The single-cycle method developed in this work can assist engine de-
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velopers during the calibration procedures, where single-cycle events during
transient operation could negatively affect the soot emissions and must be
detected. As demonstrated here, it was made possible with this method
to investigate the correlations between the cycle-resolved exhaust-port soot
concentration and the in-cylinder combustion processes. After considering
different metrics characterizing the in-cylinder combustion, the exhaust soot
Cm is found to be negatively correlated with the gross indicated mean ef-
fective pressure (GIMEP). The R2 value of the cycle-resolved GIMEP-Cm

least-square regression fits can be as high as 0.7 for points with high equiv-
alence ratio (ϕ) and early combustion phasing (θ50), or as low as 0.2 for
points operated without exhaust gas recirculation (EGR) or with late θ50

(∼21 ◦aTDC), due to low concentrations or disparate soot morphology for
these operating conditions. The negative correlations indicate that cycles
with lower GIMEP tend to produce more soot, the causes of this association
deserve further investigation, but are believed to be due to poor combustion
in locally fuel-rich regions.

The PM emissions from internal combustion engines depend on the air-
fuel mixing and combustion processes, which may vary from cycle to cycle
due to effects induced by the fuel and air components. Deconvoluting the
effects of these parameters on the net soot emissions is impeded by the
rapid variation of exhaust soot concentration, which demands high-speed
instruments and methodologies capable of single-cycle measurements. The
methodology developed in this work based on the FEN multi-angle light-
scattering measurements is fast, quantitatively validated against other in-
struments, and can be implemented for exhaust-port sampling from inter-
nal combustion engines. By applying this new tool to a PIDING research
engine, new patterns were uncovered between the in-cylinder GIMEP and
exhaust soot concentration that were not known before. This demonstrates
a utility of this method for engine experiments, and can be implemented
on other, applied or fundamental-level, engine setups as well. Some appli-
cations can include researching engine transient emissions on dynamometer
or during on-road testing, or on optical research engines to support the
in-cylinder soot measurement diagnostics. Application of this method in
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transient emissions research, on testbeds or during on-road measurements,
can help identify the high-emitting cycles, further our understanding of the
transient soot emissions results, and guide the design of new test cycles for
soot emission research.

7.2 Recommendations
The findings of this work highlight the benefits of cycle-resolved exhaust-
stream soot measurement. This method can be enhanced by making appro-
priate modifications to the FEN or the inversion method, and may be used
in other applications, as discussed below.

7.2.1 Modifications to the FEN
By using the FEN in the reported experiments, areas where its design and
operation can be improved are identified. Firstly, the FEN requires a laser
assembly that is well-aligned with optical passages to avoid stray light re-
flections from internal surfaces. This tedious process can be improved by
a rig designed and engineered to facilitate the laser calibration, alignment,
and polarization measurement. Additionally, the residual stray light reflec-
tions from the beam entrance and exit bores can be avoided by increasing
the bore sizes to allow wider beam diameters.

The quality and accuracy of the inverted Cm, dm,g, and σm,g can also
be enhanced by considering more angles for light scattering measurements,
or multiple lasers with different wavelengths. Higher angular resolution is
useful to recover the morphology parameters, such as the fractal dimension,
or to improve the quality of the recovered polydispersity parameters such as
σm,g which had poor inversion results. Multiple wavelengths can be utilized
to recover, or narrow down, the range of the soot refractive indices based on
optical dispersion models [17].

To enhance the dynamic range of the FEN for PM concentration, specif-
ically to extend its lower detection limit, the light scattering from gas
molecules needs to be considered. Unfortunately, these can produce 1 -
3 nW on the photodetectors, depending on the temperature and the chemi-
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cal composition of exhaust gases. This interferes with the PM measurement,
especially on the 135◦ detector where soot light intensity is ∼ 3 times weaker
than on the 45◦ detector, and its effect is equivalent to ∼ 1 mg/m3 of soot
concentration. The minimum detection limit of the FEN is critically limited
by the uncertainty of light scattering from exhaust gases, especially due to
the variability of exhaust temperature and chemical composition between
different operating points. It might be possible to remedy this by accurately
controlling the sample delivery temperature, thereby eliminating a source
of variability and possibly expanding the FEN detection limit to ∼ 0.1 - 0.2
mg/m3.

7.2.2 Engine operating space
The conclusions here are based on the engine tests over a limited operating
space, and does not investigate the effect of individual engine parameters on
cycle-cycle soot concentration variations. An expanded test matrix must be
designed to study the isolated effect of different engine parameters, such as
the mean GIMEP, θ50, ϕ , EGR, and injection pressure, to name a few. Due
to the challenges of adjusting a single engine parameter without affecting the
others, and the prohibitive size of a test matrix that considers all factorials,
here we recommend investigating the effects of θ50, and EGR, as these were
found to have the largest impact on the Cm-GIMEP correlations.

A key area where fast-response soot measurement is beneficial is during
the transient single or multi-cylinder engine operation, where the specific
cycles or cylinders responsible for high soot emissions can be isolated and
probed. Such information can be compared to other cycle-resolved parame-
ters, such as the commanded injection duration, or the in-cylinder combus-
tion metrics to investigate the root-cause of the anomalies.

7.2.3 Complementary in-cylinder and exhaust diagnostics
The underlying mechanisms responsible for the Cm-GIMEP correlations ob-
served in this work are unknown and require further investigation. Com-
plementary information available from optical research engines, such as the
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pyrometric soot optical thickness, KL, can further our understanding of the
correlations between the in-cylinder and exhaust soot. It is known that
crank-angle-resolved in-cylinder KL vary substantially from cycle to cycle,
and the variations are larger during the oxidation process [102, 197]. The
KLend metric used in the literature to characterize the cycle-specific soot,
needs to be compared to the single-cycle exhaust-port Cm to evaluate its
suitability as a cycle-specific metric, and understand the impacts of late-
cycle oxidation on the overall soot emission rates.

Further insights into cycle-cycle variability may be gained from gaseous
exhaust emissions, namely from the cycle-resolved concentrations of CH4,
unburned hydrocarbons (uHC), carbon monoxide (CO), and NOx. It is
speculated that the in-cylinder combustion variations responsible for the
negative Cm-GIMEP correlations, produces similar correlations with other
emissions such as uHC or CO. A low-GIMEP cycle coincident with high
uHD and CO can imply poor fuel conversion which exacerbates the PM, CO,
and uHC emissions simultaneously. It is likely that the cycle-resolved NOx

and GIMEP correlate positively, assuming that cycles with higher GIMEP
have higher temperatures that accelerate the NOx thermal reactions. The
overall effect of the cycle-cycle combustion variability on the engine PM and
gaseous emissions is important in the low-emission combustion strategies
and can guide the development of new combustion regimes.

7.2.4 Transient measurements and real-world applications
So far, the applications described here include fundamental-level research
configuration, such as using the FEN in conjunction with single-cylinder all-
metal or optical engines. The FEN, however, can be implemented to measure
the exhaust soot from multi-cylinder engines operated under transient con-
ditions. Such implementations can assist engine designers to determine the
impacts of real-world transient operating conditions, cylinder imbalances,
or engine controls strategies on cycle-resolved soot emissions. The FEN is
particularly well-suited for real-world applications as it is designed to handle
harsh conditions at the exhaust port, such as vibrations and high exhaust
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pressures and temperatures. This is a critical advantage of this method, as
most PM instruments cannot endure the demanding real-drive measurement
requirements, or require extra care for uncertainties associated with exhaust
dilution and conditioning, whereas one need not worry about such artefacts
with FEN raw exhaust measurements.
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Appendix A

FEN optical coefficient

The value of ΛFEN is determined experimentally based on calibration with
characterized aerosols. Here, the experimental procedure and the theoretical
considerations for the data reduction are explained.

A.1 Experimental system
The characterized sodium chloride particles are used to measure the optical
coefficient of the FEN. This involves atomizing a NaCl-water solution with
an air-blast-assisted constant output TSI atomizer (model 3076) and then
drying the droplets in a diffusion drier column. The aerosol stream is then
diluted with clean particle-free air prior to measurement. The polydisperse
sample is routed to the FEN for the light scattering measurement and then
to the SMPS for the mobility size characterization. The SMPS has an upper
size limit of 770 nm (for the sheath and sample flowrates used in this test
[192]). Therefore, a cyclone particle separator was added just upstream of
the atomizer to remove the large droplets, and thereby prevent the formation
of the large NaCl particles.

A TSI OPS particle sizer is also used in tandem with the SMPS to
verify that the sample does not contain large particles. Emfab filter samples
are collected to characterize the gravimetric mass concentration of aerosol
samples. Mid-high rates of dilution air is added to the main sample to make
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Figure A.1: The experimental setup for measuring the FEN optical
coefficient. Tandem SMPS measurements are for the size char-
acterization of the polydisperse NaCl sample. Emfab filter
samples characterize the gravimetric mass concentration of the
sample.
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up for the required flow demand for all instruments. Figure A.1 shows a
schematic layout of the measurement system.

Three different NaCl-water solutions with concentrations of 3, 5, and 10
g/L are used to generate the atomized droplets, which upon drying, generate
different sizes of dry NaCl aerosol population. To change the particle mass
concentration and their light scattering, while maintaining constant dm,g

and σm,g, dilution air is added to the aerosol flow. The dry sodium chloride
aerosols have a dm,g of 180 nm, 190 nm, 240 nm, generated from the 3 g/L,
5 g/L and 10 g/L water solutions respectively, and σm,g is in the range 1.5
- 1.6 in all cases.

A.2 Theoretical framework
Although the sodium chloride aerosols are not spherical, the Mie model is
reasonably accurate in describing the light scattering from the suspension
of randomly oriented, irregularly shaped, polydisperse particles in air [85].
Unlike soot, the light scattering from a NaCl particle can be characterized
with only three physical parameters, namely its area-equivalent diameter
(equal to the mobility diameter for the sizes pertinent to this experiment),
the refractive index, and the material density. The optical refractive index
and density of sodium chloride are known (m = 1.56 + 0i, ρmat = 2160
kg/m3), and the mobility diameter could be accurately measured with the
SMPS. The mobility size measurement of the polydisperse NaCl aerosols
generated with the atomizer-drier system in figure A.1 shows the number
and mass distributions may be characterized with lognormal functions, as
shown in Figure A.2. That is, a polydisperse sample is characterized by its
dm,g, σm,g and the total mass, similar to our approach for soot measurement.
For pairs of dm,g and σm,g in the range 80 - 500 nm and 1.4 - 2.0 respectively,
the MSC of lognormal polydispersions of NaCl aerosols is calculated based
on the Mie model. The variation of MSC as a function of dm,g for five
different σm,g values are shown in Figure A.3.
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with the 3 g/L sodium chloride in water solution. Two dilution
rates (red [square] and blue [diamond] symbols and curves),
with two SMPS scans per dilution, are shown. The dm,g and
σm,g values are 176 nm and 1.56 respectively for the high dilu-
tion case, and 181 nm and 1.57 for the low dilution case (values
are averaged between the two scans).

A.3 Results and discussion
To calculate ΛFEN for each light scattering cone (45◦, 90◦, and 135◦), the
measured light scattering power on the FEN photodetectors, Pθ , is compared
with the gravimetric mass measured with the filters, Cm,grav, in Equation
A.1. Here, the MSC values are are from the NaCl Mie scattering lookup
tables. The critical difference with the signal inversion method for soot is
that the retrieved MSC values are based on the dm,g and σm,g measured with
the SMPS, not the light scattering ratios. In other words, there is no data
inversion error in dm,g and σm,g, as these are directly measured by the SMPS.
Therefore, the optical coefficient is calculated based on the gravimetric mass,
the light scattering intensity, and the MSC,
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ΛFEN =
Pθ

(MSC)θ Cm,grav
(A.1)

Table A.1 lists the calculated ΛFEN from different tests. The mean value
and the standard deviation of Λ45, Λ90, and Λ135 are (8.6 ± 1.1) ×10−5,
(7.2 ± 0.5)×10−5, and (9.3 ± 0.5) ×10−5 Wm respectively. The optical pa-
rameters obtained with this calibration are used for the mass concentration
calculations of the engine exhaust soot in this work.
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Table A.1: The sample specifications at each test point and the cal-
culated optical efficiencies Λ45, Λ90, and Λ135.

Solution Dilution dm,g σm,g Cm,grav ΛFEN,45 ΛFEN,90 ΛFEN,135
conentration air [lpm] [nm] [-] [mg/m3] [mWm] [mWm] [mWm]

3
12 183 1.58 3.17 76.8 73.8 93.0

179 1.56 78.0 76.2 94.8
20 176 1.56 2.00 88.2 75.6 91.8

175 1.55 82.8 72.0 87.0

5 20 192 1.59 3.52 87.6 73.2 88.2
188 1.57 87.0 73.8 90.0

10

12
241 1.61

10.93
101.0 77.4 102.0

238 1.60 95.4 71.4 96.0
240 1.60 101.0 78.0 104.0

20
231 1.58

6.26
88.2 72.0 93.0

237 1.57 57.6 75.6 99.0
257 1.59 82.2 61.2 85.2

30
255 1.59

3.89
79.8 60.0 85.2

242 1.61 94.8 68.4 96.6
242 1.61 91.8 67.2 93.6
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Appendix B

Survey of the soot optical
and morphological properties
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Table B.1: The numerical value of the RDGFA parameters from var-
ious literature sources.

Parameter Value Sources

Dα , kα

1.09 ± 0.02, 1.15 ± 0.18 [108]
1.08 ± 0.003, 1.10 ± 0.005 [22] (Cov = 0)
1.11 ± 0.002, 1.20 ± 0.005 [22] (Cov = 0.15)
1.13 ± 0.002, 1.30 ± 0.006 [22] (Cov = 0.25)
1.07 ± 0.005, 1.17 ± 0.02 [145] (small overlap)
1.19 ± 0.01, 1.81 ± 0.03 [145] (large overlap)
1.1 ± 0.05, 1.13 ± 0.2 [35] (only HPDI soot)

D f , k f

1.65 ± 0.06, 2.71 ± 0.8 [108]
1.86, 2.25 [107] (Light scattering from flame soot)1.75, 2.78
1.67, 2.39 [107] (TEM from flame soot)1.66, 3.25
1.80 ± 0.03, 1.30 ± 0.07 [145]
1.78 ± 0.15, 2.44 ± 0.82 [151]
1.75 ± 0.02, 1.95 ± 0.02 [17]
1.74, 1.23 [26]
1.81, 1.81 [22]

DT EM, dp,100
0.26 ± 0.1, 22 ± 4 [146] (only HPDI soot)†

0.3 ± 0.1, 21 ± 5 [146] (various soot sources)†

m = n+ iκ

1.6 + 0.6i [179]
1.48 + 0.84i [205]
1.95 + 0.95i [20]
1.68 + 056i [126]
1.39 + 0.85i [17] (Ethylene flame)
1.8 + 0.9i [77]
1.65 + 0.75i [94]

ρp [g/cc]

1.74 [136]
1.82 [166]
1.72 [151]
1.87 [203]
1.74 [17] (Ethylene flame)
1.78 [153]

† Values are derived from soot TEM microscopy and image analysis. A mean
DT EM value of 0.38 ± 0.1 based on an effective density method is also reported
in this source.
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Appendix C

Particle loss calculations in
the PM filter sampling and
thermodenuder assemblies

C.1 Overview
The particle losses inside the thermodenuder and the gravimetric filter sam-
pling systems are calculated. This facilitates the comparison between the
measurements done after the thermodenuder with the gravimetric filters
placed before the thermodenuder. The dominant loss mechanisms inside
the thermodenuder are the diffusion and thermophoretic losses, and in the
gravimetric sampling system are the inertial losses due to bending flow.

C.2 Background
When transferring aerosols to the measurement instruments, sample losses
occur due to particles depositing on the walls of the sampling system. Large
particles at higher flow velocities and Reynolds numbers are subject to in-
ertial losses, such as impaction on tube walls inside the bends and flow
branches. Smaller particles are subject to diffusional or thermophoretic
losses due to the Brownian motion. Particle sampling losses due to these
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mechanisms are calculated based on the correlations recommended in [198]
for inertial losses in bends as described in Chapter 5. The Gormley Kennedy
formula for diffusional losses in straight lines is used for the diffusional losses,

ηdi f f = 8
∞

∑
n=0

Gn

λ 2
n

exp
(
−λ 2

n x
)

(C.1)

where x = (2L/d)Pe, L and d are the length and inner diameter of the sam-
pling tube, and Pe is the particle Peclèt number Pe = Ūd/D, and D is the
Brownian diffusivity of the particles described by the Stokes-Einstein rela-
tion below, and the coefficients Gn and λn are given in [199].

D =
kTCc

3πµda
(C.2)

The thermophoretic wall deposition due to temperature gradients oc-
curs when there is hot flow in a cold tube. The thermophoretic coefficient
describes for the thermophoretic force and migration velocity in such a con-
dition, and is expressed below,

Kth =
2CsC

1+Cm(2λ/da)

(
kg/ka +Ct(2λ/da)

1+2(kg/ka)+2Ci(2λ/da)

)
(C.3)

where coefficients Cm, Cs, and Ct are 1.14, 1.17, and 2.18 [113]. The results of
the particle losses calculated based on these methods are summarized below.

C.3 Results of loss calculation
The diffusion, thermophoretic and inertial losses are calculated and the PM
mass transmission efficiency inside the thermodenuder are shown in Figure
C.1. The inertial losses inside the thermodenuder are negligible for the
flowrates used in our experiments. The results are provided for a flowrate
of 0.3 lpm (the SMPS flowrate without the thermophoretic sampler) and
1.0 lpm (when running the thermophoretic sampler pump for TEM grid
collection).

The total soot mass transmission efficiency of the thermodenuder for
polydisperse soot population as a function of mass-mean mobility diameter,
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Figure C.1: The inertial, diffusion, and thermophoretic particle mass
transmission efficiencies in the thermodenuder when the ther-
mophoretic sampler pump is off (left) and on (right) for differ-
ent particle mobility diameters.

dm,g, in Figure C.2. Based on these calculations, an overall particle mass loss
close to 16%-20% in the thermodenuder is expected (blue and red lines in
Figure C.2). When comparing the FEN or SMPS results with the gravimet-
ric filters, the losses that occur in the gravimetric line must be considered as
well. Firstly, the flowrate through the gravimetric filter sampling system is
much higher than the thermodenuder branch, 12 lpm compared to 0.3 lpm;
therefore, inertial losses, such as in a branched Tee and a 90◦ elbow which
exist in the filter sampling line are accounted for. The black line in Figure
C.2 shows the sampling efficiency in the filter sampling tubing calculated
based on the method of [198]. The ratio of the mass transmission efficiency
of the thermodenuder to the gravimetric line for samples with dm,g of 200 nm
and 250 nm are 0.83/0.94 = 0.88 and 0.83/0.92 = 0.90 respectively. This
indicates that a 10% difference in mass between the thermodenuded sample
and the gravimetric filter sample could exist due to particle losses.
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Figure C.2: Soot mass transmission efficiency as a function of poly-
disperse dm,g of lognormal soot for the low (0.3 lpm, blue line)
and high (1 lpm, red line) flowrates inside the thermodenuder.
The black line is the mass transmission efficiency in the gravi-
metric filter sampling line, mostly due to inertial losses in 90◦
bends.
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Appendix D

Relations of characteristic
aggregate lengths
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TEM images collected at the base, high, and low-soot engine
operating points.

0 200 400 600 800 1000

 d
a
 [nm]

0

0.5

1

1.5

2

2.5

3

 L
/2

 R
g

Base-soot

High-soot

Low-soot-1
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Appendix E

Discussion of σm,g from the
FEN light scattering
inversion

Figure E.1 shows the σm,g inversion results using our FEN-RDGFA lookup
table methodology (ordinate) compared with the SMPS σm,g (abscissa). The
lookup table search window for σm,g is bounded to the 1.4 - 2.0 interval
which covers the range of measured SMPS σm,g, and is implemented to
avoid unphysical results, as mentioned in Chapter 4. The data points shown
in Figure E.1 are the same as in Figure 4.9 in Chapter 4 for the baseline
inversion model. Most inversion results land on the σm,g = 1.4 and σm,g =
2.0 limits, indicating that uncertainties in σm,g inversion are large and its
measurement with the FEN is poor. The errors in calculating dm,g from the
lookup tables, however, are small as d45/90 and d45/135 are averaged to give
dm,g (step 5 in the inversion process).

The impact of the σm,g inversion on other parameters, namely dm,g and
Cm, are further investigated in Figure E.2. The linear trend lines to the
baseline inversion results using the two ratios (solid black line) is compared
to the light scattering inversion aided by σm,g directly measured with the
SMPS, while obtaining dm,g once from the R45/90 (red dashed) and once from
R45/135 (red dotted). By using the two-ratio method in the 5-step inversion
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Figure E.1: The σm,g from FEN light scattering inversion compared
with the SMPS σm,g. Different colors show different engine
operating conditions, similar to Figure 4.9 in Chapter 4. The
inversion results are from the baseline RDGFA lookup table.
The σm,g is bounded between 1.4 and 2.0 by the lookup table
search algorithm (top and bottom horizontal clusters).

algorithm, the FEN results lie in the middle of the two red lines (close to
their average), and are less sensitive to errors in σm,g. This indicates while
the σm,g inversion is poor, averaging d45/90(σm,g) and d45/135(σm,g) in step 5 of
the inversion algorithm reduces the errors due to incorrect σm,g, highlighting
the benefit of using three, instead of two, light scattering angles (e.g. [78]
or [6] used two angles and relied on a constant σ), where in the latter,
errors due to wrong σm,g are not corrected by a second light scattering ratio
and could result in large systematic errors in size and mass concentrations.
Furthermore, it is observed that variations due to σm,g (even when using
only one light scattering ratio) are still less than uncertainties in the primary
particle diameter using constant dp RDGFA models.
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Appendix F

RDGFA structural errors
based on comparisons with a
T-matrix light scattering
model

Sorensen et al. investigated the structural errors in RDGFA compared to
a detailed multi-sphere T-Matrix (MSTM) light scattering model. Here,
we use Figures 3 and 6 in [184] to determine the errors embedded in the
RDGFA inversion lookup tables used in this work. We analyze a small (∼
100 nm) and a large (∼ 400 nm) aggregate and given that all of the soot
samples in our work have dm,g in the range 150-250 nm, the two proposed
aggregate sizes provide a fair estimate of the structural RDGFA errors in the
lookup tables used for inversion of light scattering in our work. Table F.1
summarises the properties of the 100-nm and 400-nm aggregates analysed
here. These are also mapped onto Figures 3 and 6 of [184], adapted here as
Figures F.1 and F.2. The baseline refractive index of m=1.6+0.8i and laser
wavelength of 405 nm (k = 0.0155 nm−1, thus q at the 45◦ detection angle
is 0.012 nm−1) are used for the analysis. In Table F.1, a is the radius of the
primary particles, ka is the normalized primary particle diameter, and ρ ′

agg
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is modified phase-shift parameter used in [184].

Table F.1: The properties of two sample aggregates for the study of
the RDGFA structural errors based on the work of [184].

da [nm] dp [nm] ka Np ρagg Rg q45Rg
100 19.7 0.156 39 0.24 49 0.58
400 33 0.256 275 0.46 256 3.05

The location of the two aggregates chosen for the analysis of the RDGFA
lookup table errors are marked in Figures F.1 and F.2. The ratio of the
MSTM light scattering intensity at the forward direction to the RDGFA
light scattering (the same as the Rayleigh scattering intensity for θ = 0)
for different aggregates and refractive indices are shown as a function of the
aggregate optical phase shift parameter ρ ′

agg. The location of the 100-nm
and 400-nm are shown on the bundle of lines corresponding to m = 1.5 +
0.8i (dark red). The MSTM-to-RDGFA ratio is close to unity for the 100-
nm aggregate and is close to 0.92 for the 400-nm aggregate. This ratio is,
however, expected to be even closer to one (e.g 0.95), as the actual position
of the two crosses is between the dark red and dark blue lines, corresponding
to m = 1.5 + 0.8i and m = 1.9 + 0.8i respectively. The RDGFA error at the
45◦ scattering angle is determined by combining the information obtained
from Figure F.1, and estimating the error in the RDGFA structure factor
S (qRg) at 45◦ based on Figure F.2.

Errors in the RDGFA structure factor are characterized by examining
the ratio of the MSTM to the RDGFA structure factor for different values of
qRg in Figure F.2, adapted from [184]. The qRg values corresponding to the
100-nm and 400-nm soot aggregates at the 45◦ scattering angle are marked
on the left and right panels of the figure respectively. Based on Figure F.2,
errors in the RDGFA structure factor for the 100-nm aggregate is expected
to be less than 3% and for the 400-nm aggregate is around 20%. Combining
the errors in the RDGFA forward light scattering (Figure F.1) and the errors
in the RDGFA structure factor at 45◦ angle (Figure F.2), and considering
that the soot aggregates measured in this work have dm,g values smaller than
270 nm, We expect that errors due to RDGFA approximations are less than
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Figure F.1: The forward (θ=0) light scattering intensity based on
MSTM normalized by the RDGFA forward scattering intensity.
The dark red bundle of lines and symbols are similar to the soot
refractive index used in this work and are used to determine the
RDGFA structural errors. The black and green crosses mark a
100 nm and 400 nm aggregate respectively. Figure is adapted
from [184].

Figure F.2: The ratio of the MSTM to the RDGFA structure factor
as a function of qRg for various aggregate sizes and two different
primary particle normalized ka values of 0.157 (left) and 0.314
(right), representing the errors in the RDGFA structure factors
for the 100 nm (black cross, left panel) and 400 nm (green cross,
right panel) aggregates considered in this analysis. Figure is
adapted from [184].
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15% for the larger aggregates and is less than 5% for the smaller aggregates
in the light scattering lookup tables used for FEN inversion.
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Appendix G

TEM soot image processing

G.1 Methodology
Soot samples collected on carbon-coated copper grids are imaged under
TEM. The soot images are processed to give the morphological and scal-
ing parameters needed for the FEN light scattering inversion. A TEM soot
image, shown in Figure G.1-top panel, is processed with an in-house Mat-
Lab code to determine its projected area (A), area-equivalent diameter (da),
length and width (L and W ), radius of gyration (Rg), and primary particle
diameter (dp). A binary image is first produced by applying an intensity
threshold to the gray-scale soot image for determining A, da, L, W , and Rg,
shown in Figure G.1-mid panel. The averaged primary particle diameter of
the aggregate is obtained from a pair correlation method (PCM) explained
in [34]. Figure G.1-bottom panel shows the raw and processed image of a
soot aggregate, showing its da and dp.

The number of primary particles in the aggregate is determined based
on its projected-area and primary particle diameters in Equation G.1, where
Dα and kα are aggregate shielding exponent and pre-factor with values of
1.1 and 1.13 respectively [35].

Np = kα

(
da

dp

)2Dα

(G.1)
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Soot fractal dimension (D f ) and pre-factor (k f ) are needed for the RDGFA
lookup table calculations and are defined based on Equation G.2. By pro-
cessing a sufficiently large number of soot aggregates, a function of the form
shown in Equation G.2 is fitted to the Np and 2Rg/dp data obtained from
TEM soot image-processing to determine the parameters D f and k f .

Np = k f

(
2Rg

dp

)D f

(G.2)

dp = dp,100

(
da

100

)DT EM

(G.3)

Using this procedure, four of the nine parameters needed for light scatter-
ing lookup tables are determined from the SCRE soot. It might be possible
to determine Dα and kα from the TEM data set, but since the difference in
their numerical values from different sources is small, here we use literature
values [35]. The FEN calibration and baseline inversion lookup tables are
based on the soot parameters from TEM analysis of exhaust-port (EXP)
soot samples explained in section, and are compared with the TEM pa-
rameters of the more easily accessible post-surge tank (PST) sample. The
two samples differ mainly due to particle coagulation in the exhaust piping
system, which alters their morphology and light scattering parameters.

G.2 The results of the soot morphology analysis
In addition to particle mass and mobility size from the EXP and PST sam-
ples discussed in the paper, the morphology of the soot samples are com-
pared here. Figures G.2 and G.3 show the changes in the primary particle-
aggregate size correlation parameters due to aging effects in the SCRE ex-
haust system. It is notable that more dots are present on the left side of the
EXP figures, consistent with the observation that the SMPS mobility diam-
eter of the exhaust-port soot is smaller. Particle coagulation in the engine
exhaust piping affects soot morphology, in particular the primary particle-
aggregate scaling exponent, DT EM. The difference between the exhaust-port
and post-surge tank DT EM is highest for point 7 with no EGR. The scaling
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Figure G.1: TEM image of three soot aggregates sampled from SCRE
exhaust port. The raw TEM image (top), the binary thresh-
olded image (middle), and processed imaged showing the di-
ameters of aggregates and primary particles (bottom).
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and morphological parameters, DT EM, dp,100, D f , and k f are compared for
these three cases in Table G.1.

Table G.1: The fractal soot DT EM, dp,100, D f , and k f parameters ob-
tained from TEM soot imaging of the exhaust-port (EXP) and
post-surge tank (PST) samples.

DT EM dp,100 D f k f

Point 1 EXP 0.29 19.5 1.69 2.9
PST 0.23 19.8 1.63 3.2

Point 2 EXP 0.27 18.7 1.75 2.6
PST 0.31 18.2 1.64 3.2

Point 7 EXP 0.40 17.6 1.69 2.8
PST 0.16 16.9 1.72 2.7

The soot morphological parameters, obtained here from TEM analysis,
are used to generate lookup tables for the RDGFA light scattering inversion
of the FEN signals into Cm and dm,g.Variations in parameters DT EM, dp,100,
D f , and k f affect the light-scattering inversion. In this work, the EXP
parameters are used to carry out the light scattering inversion, as they are
more representative of the soot particles inside the FEN.
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Appendix H

Soot polydisperse population
measurements with SMPS

As pointed out in Chapter 4, samples of soot number distribution and their
corresponding mass distribution based on SMPS mobility diameter measure-
ments for a SCRE soot sample are provided in Figure H.1-H.4, and support
the lognormal hypothesis. The dashed line indicates the corresponding log-
normal least-square fits to the number ( dN

d logd ) and mass ( dM
d logd ) distributions.

The mass distribution is calculated from effective density based on Equa-
tions 4.4-4.6 with morphology parameters obtained from the TEM analysis.
Deviations from the lognormal mass distribution observed for dm larger than
500 nm is believed to be due to reaching the upper size limit of the SMPS
scan, and the Condensation Particle Counter (CPC) counting noise for low
particle numbers, rather than actual deviations from lognormal distribution.
Discrepancies in the order of 10% between the SMPS and gravimetric mass
concentration are expected due to these artefacts, as further discussed in
Chapter 4.
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Figure H.1: Number (left) and mass (right) concentration distribu-
tions versus soot mobility diameter for two low-soot-1 (point
4) diluted SCRE exhaust samples (top and bottom), discussed
in Chapter 4. The number distribution is directly measured
with an SMPS-3080 during the tests, and the mass concentra-
tion is constructed from soot effective density with parameters
obtained from TEM analysis. Error bars are based on multiple
repeats of the measurements.
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Figure H.2: Number (left) and mass (right) concentration distribu-
tions versus soot mobility diameter for two base-soot (point 1)
diluted SCRE exhaust samples (top and bottom), discussed in
Chapter 4. The number distribution is directly measured with
an SMPS-3080 during the tests, and the mass concentration
is constructed from soot effective density with parameters ob-
tained from TEM analysis. Error bars are based on multiple
repeats of the measurements.

210



Figure H.3: Number (left) and mass (right) concentration distribu-
tions versus soot mobility diameter for two high-soot (point 9)
diluted SCRE exhaust samples (top and bottom), discussed in
Chapter 4. The number distribution is directly measured with
an SMPS-3080 during the tests, and the mass concentration
is constructed from soot effective density with parameters ob-
tained from TEM analysis. Error bars are based on multiple
repeats of the measurements.
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Figure H.4: Number (left) and mass (right) concentration distribu-
tions versus soot mobility diameter for two low-soot-2 (point
2) diluted SCRE exhaust samples (top and bottom), discussed
in Chapter 4. The number distribution is directly measured
with an SMPS-3080 during the tests, and the mass concentra-
tion is constructed from soot effective density with parameters
obtained from TEM analysis. Error bars are based on multiple
repeats of the measurements.
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Appendix I

Time-resolved diluted
Dusttrak PM measurement

The Dusttrak-II instrument is used for measuring diluted samples and pro-
viding time-resolved data to monitor the variation of exhaust soot concentra-
tion while collecting filter samples and making SMPS measurements. The
Dusttrak is also used to sample the pre- and post-thermodenuder PM to
estimate the combined particle loss and SVOC removal rates in the ther-
modenuder. Dilution-corrected PM mass concentration time-series from the
Dusttrak during point-2 and point-4 engine operation is presented in the
middle and bottom panels of Figure I.1, corresponding to the time-averaged
data used for the FEN validation, shown on the top panel.

The mid-panel in Figure I.1 showcases two instances when the soot con-
centration undergoes transient changes, at times 17:12 and near the end of
the measurement at 17:30. These transitions are likely due to variabilities in
the engine operating conditions caused by, e.g. fuel pressure changes due to
the operation of the natural gas compressor. The variation of the symbols
corresponding to the point 2 test in the parity plot (labeled 1-6 in the top
panel) are consistent with the time series in the mid-panel of Figure I.1.

The Dusttrak inlet can be easily switched between the pre- and post-
thermodenuder samples and shows a decreased PM concentration after the
thermodenuder, due to loss of the solid particles and the removal of volatile
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Figure I.1: Top: A close-up view of the concentration parity plot dis-
cussed in the main paper, shown in the 0-30 mg/m3 range. Mid-
dle: PM concentration time series from Dusttrak-II during the
point-2 engine operation marked on the parity plot. Bottom:
The denuded and undenuded Dusttrak mass concentration time
series for point 4, showing a 35% reduced PM mass after the
thermodenuder.
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and semi-volatile material. It cannot, however, be determined exactly what
fraction of the losses is due to the removal of SVOC material and what
fraction is due to soot particle loss. A particle loss rate of ∼15% in the
thermodenuder is expected based on thermophoretic and diffusional loss cal-
culations in Appendix C, which is similar to the difference between the pre-
and post-thermodenuder concentrations observed for point 2 (mid-panel).
This also indicates a low (few percent) mass volatile fractions which is con-
sistent with the data reported in [65] for a similar operating point. The
denuded-to-undenuded mass concentration ratio for point 4 is close to 65%
based on the Dusttrak time series in the bottom panel of Figure I.1. This
suggests a considerable VOC and SVOC fraction for this point, which could
justify the discrepancy between the light-scattering FEN and gravimetric
mass concentrations observed for point 4 in the parity plot.
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