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Abstract
Particulate matter emitted from two direct injection engines has been characterized by
morphology, volatility, mass-mobility exponent, effective density, and size distribution
using tandem measurements from a centrifugal particle mass analyzer (CPMA) and
differential mobility analyzers (DMA). The engines consisted of a heavy duty, natural
gas, compression ignition engine fitted with a high pressure direct injection (HPDI)
system, and a four cylinder gasoline direct injection (GDI) engine fueled with gasoline
and ethanol blends. The HPDI engine was tested at six conditions which varied load,
speed, EGR fraction, and fuel delivery strategy. The GDI was tested at three engine
loads at 2250 RPM (4%, 13%, and 26% of maximum load) in addition to an idle
condition, while it was fueled using gasoline mixed with ethanol fractions of 0% (E0),
10% (E10), and 50% (E50) by volume. An increase in engine load increased particle
number concentration for both engines, but the GDI idle condition produced
approximately as many particles as at 13% load. An increase in ethanol fraction in the
GDI decreased number concentration, but E10 produced more particles than E0 at idle
and 26% load. HPDI size distributions were log-normal whereas GDI size distributions
were not log-normal and were instead skewed. The fraction of the number of purely
volatile particles to total number of particles (number volatile fraction, fN) for the HPDI
engine decreased as load increased, although the low-speed, partially premixed mode
had the lowest fN. The fN for the GDI both overall and as a function of particle mobilityequivalent diameter was under 10 percent at all engine conditions and fuels. The sizesegregated ratio of the mass of internally mixed volatile material to total particle mass
(fm) was similarly low for the GDI. The fm for the HPDI was higher; however it decreased
with an increase in load and with particle mobility-equivalent diameter. HPDI effective
ii

density was seen to collapse to approximately a single line, but engine modes with
higher fm values had slightly higher effective densities suggesting that the soot
structures have collapsed into more dense shapes. Effective density and mass-mobility
exponent for the GDI engine increased with load. Effective density decreased with an
increase in ethanol fraction and a slight decrease in mass-mobility exponent was also
observed for all conditions except idle. Effective density trends from both engines were
compared to data from other GDI engines, a port fuel injection engine, and diesels, and
the data is relatively similar between all engine types, with 90% of data points being
within ±27% of a common trend line.
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1. Introduction
1.1 Particulate Matter from Engines
Particulate matter (PM) produced from internal combustion engines consists mainly
of solid carbonaceous aggregates and volatile organic material. Solid elemental carbon
primary particles form during incomplete combustion. These primary particles
agglomerate into larger aggregate structures which grow in fractal-like patterns, similar
to the non-volatile aggregates in Figure 1.1. The mass (m) of these particles scales with
mobility-equivalent diameter (dm) as
𝑚 = 𝐶𝑑m 𝐷m .

1.1

Dm is the mass-mobility exponent and C is a prefactor. The mass mobility exponent
is useful for describing the structure of the aggregate particles (Abegglen et al., 2015).
Particle samples with large mass-mobility exponents (near the maximum value of 3) will
be compact and relatively spherical, whereas lower mass-mobility exponents are
associated with more branched aggregates that contain more open space.

Figure 1.1: Volatile and non-volatile PM from engine.

Volatile material is often composed of unburned fuel or engine oil (Maricq, 2007).
This material can coat non-volatile aggregate particles as well as form separate
droplets, as seen in Figure 1.1. When volatile material coats the non-volatile particles, it
tends to smooth the contours of the particle, and if enough volatile material is present, it
can form a droplet around the solid aggregate core. The volatile coating makes the
1

particle more spherical and increases the mass-mobility exponent (up to 3 in the case of
a spherical droplet). Likewise, comparison of the mass-mobility exponent for
unconditioned particles and after conditioning the sample to remove volatile material
gives an indication of the proportion of volatile material to non-volatile material and thus
the composition of the PM sample.
Example number size distributions for PM containing both volatile and non-volatile
material are shown in Figure 1.2. Number concentrations (N) are normalized by
d𝑁

diameter bin width (

dlog𝑑m

). The overall distribution is comprised of two distributions

which are often referred to as the nucleation and accumulation modes. The distribution
at the smaller size contains purely volatile particles (nucleation mode), and the
distribution at the larger size contains aggregate particles (accumulation mode). The
individual distributions are often log-normal (Kittleson, 1998), although depending on
their relative sizes and positions the total distribution may show the two peaks (Figure
1.2a) or it may appear as a single distribution that is more broad or skewed (Figure
1.2b).

Figure 1.2: Example size distributions of PM sample containing volatile and non-volatile species. (a) has a
significant nucleation mode and (b) has a smaller nucleation mode.
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1.2 Fuel Injection and Particulate Matter
The method by which fuel is delivered to an engine has a large effect on the
combustion characteristics (Stone, 2012). As a result the performance, efficiency, and
emissions are all sensitive to fuel injection properties. Most diesel engines use direct
fuel injection, whereas gasoline engines have traditionally used port injection but have
transitioned to direct injection as well. Direct fuel injection offers advantages over port
injection in relation to efficiency and performance; however their particulate matter
number and mass emissions are higher (Khalek et al., 2010; Stone, 2012). This is
largely because fuel is not mixed homogeneously with the air and PM is formed in
locally fuel-rich zones (Steimle et al., 2013). Work must be done to understand these
PM emissions and the mechanisms by which they are formed.

1.2.1

Port Fuel Injection Engines

Before gasoline engines adopted direct fuel injection, port fuel injection (PFI) was
the common method of fuel delivery (Zhao et al., 1997). In a PFI engine, fuel is injected
in the intake manifold, upstream of the intake valves, as seen in Figure 1.3. This
provides a relatively long time for fuel droplets to evaporate and mix with the air, and
typically results in a well-mixed, homogeneous charge. Because of the long time
available for fuel mixing, port injectors operate at lower pressures than direct injectors
(Liang et al., 2013). The homogeneous nature of the charge also means that port
injection engines must operate on a narrow range of equivalence ratios (EQR) so that
the mixture is flammable near the spark plug (and so the catalyst can reduce pollutants
most effectively). Unlike a diesel engine for example, PFI engines are not able to run
very lean, so at part load the intake manifold pressure must be throttled, which results in
flow and heat losses, and can reduce engine efficiency.
The excellent fuel mixing properties of port fuel injected engines and the scarcity of
locally fuel-rich zones where incomplete combustion can occur also means they are
light emitters of PM. PFI engines have been seen to produce less PM than gasoline
direct injection (GDI) engines (Oh and Cha, 2012; Bielaczyc et al, 2014; Karavalakis et
3

al., 2014a; Karavalakis et al., 2015). The PM emissions from port injection engines are
partly composed of elemental carbon soot aggregates. They contain small primary
particles that have agglomerated to form larger fractal-like particles, which resemble the
non-volatiles in Figure 1.1. Alger et al. (2010) and Karavalakis et al. (2014b) have also
found a significant amount of volatile material present in the PM. Saeed et al. (2014)
noted that the majority of particles observed through scanning transmission electron
microscopy (STEM) were aggregates with primary particle diameters between 18-59
nm; however they did notice evidence of liquid material which could have originated
from engine oil, as well as a small number of what appeared to be salt particles. Su et
al. (2013) found the size distributions to be bimodal with a clearly distinguishable
nucleation and accumulation modes, regardless of engine load. The nucleation mode
had a geometric mean diameter (GMD) of about 10 nm whereas the accumulation
mode’s GMD was approximately 65 nm.

Figure 1.3: Port fuel injection schematic. Fuel is injected in the intake manifold (Zhao et al., 1999).

1.2.2

Diesel Engines

A diesel cylinder schematic is shown in Figure 1.4. Without a spark plug, diesel
engines (those which don’t use glow plugs) rely on direct injection to control ignition.
The fuel injection in a diesel engine occurs at the end of the compression stroke, near
4

top dead centre (TDC). At this point, the air is highly compressed and very hot, so the
fuel ignites immediately as a diffusion flame upon entering the cylinder. This provides a
small time interval for fuel evaporation and mixing, so diesel injectors operate at
extremely high pressure to atomize fuel into smaller droplets which evaporate more
quickly (e.g. 1600 bar, Gupta et al., 2014). Unlike spark ignition engines, diesel engines
control load by the amount of fuel injected rather than by manipulating manifold air
pressure. At low loads, a small amount of fuel is injected, yet it is still able to ignite
because the local AFR (around the fuel spray) is unchanged, even if overall the
combustion is lean. This eliminates flow losses incurred from restricting manifold air
pressure, and the excess air in the exhaust can be used to oxidize organic emissions.

Figure 1.4: Diesel injection schematic. The injector is located above the center of the piston (Stone,
1999).

Because diesel combustion takes place in a local region surrounding the fuel spray,
parts of the combustion occur under locally rich conditions, even if the overall
equivalence ratio is lean. This results in higher levels of PM than from PFI. It is these
small regions of fuel-rich combustion which produce the largest portion of PM. The
majority of this PM is typically fractal-like elemental carbon aggregates comprised of
primary particles between 15-40 nm in diameter (Burtscher, 2005). Other constituents
are ash, organic liquid from unburned fuel or engine oil, and depending on the fuel,
sulfur compounds (although these are less prevalent with new fuels which contain less
than 10 ppm sulfur, EU, 2003). The size of particles are often log-normally distributed
and normally have a GMD between 60 and 100 nm, although depending on the relative
prominence of other PM species (especially volatile organic droplets) a second peak
can be observed (Burtscher, 2005). Young et al. (2012) observed unimodal distributions
with a peak at 75 nm while at load; however at no load the peak of the distribution was
5

39 nm. Moreover, after heating the sample to remove any volatile material, the peak at
no load reduced to 15 nm along with a 57% reduction in number concentration. These
are indications that volatile material is present in the PM, and is both coating the nonvolatile particles (hence the reduction in particle size after thermal conditioning) as well
as forming particles comprised solely of volatile material (removal of these particles is
responsible for the reduction in number concentration). Chuepeng et al., (2011) found
bi-modal distributions over a range of operating conditions. On average, the count mean
diameters of the nucleation and accumulation modes were 38 nm and 102 nm. Sakurai
et al. (2003) also found bi-modal distributions, and noted that the nucleation mode was
highly volatile whereas the accumulation mode contained particles with non-volatile
cores. The relative amount of volatile material coating these non-volatile cores can vary
with particle size. A decreasing trend was observed by Sakurai et al. (2003) using
volatile volume fractions and by Ristimӓki et al. (2007) using volatile mass fractions, yet
an increase in the volatile content with particle size was seen by Park et al. (2004) by
observing the change in inherent material density.

1.2.3

Gasoline Direct Injection Engines

A schematic of GDI injection is displayed in Figure 1.5. GDI engines offer a range of
combustion strategies that are not available for port injection engines. Fuel can be
injected during the intake stroke, in which case it will have more time to mix with the air,
and the charge will be largely premixed. Alternatively, fuel can be injected during the
compression stroke, leaving less time for the air and fuel to mix and resulting in a more
heterogeneous charge (in general, fuel injection in a GDI occurs earlier than for a
diesel, so injection pressures tend to be lower, although still higher than PFI injectors).
This stratified charge results in a flammable mixture in the vicinity of the spark plug even
if the overall equivalence ratio is lean. This can increase fuel efficiency because intake
air does not need to be throttled to the same extent as with a homogeneous charge,
and less heat is lost due to the smaller amount of fuel injected (Stone, 2012). In addition
to airborne droplets reducing the heterogeneity of the charge, fuel may be inadvertently
sprayed onto surfaces such as the piston head, cylinder walls, and valves. Here, pools
of liquid fuel can form which create local fuel-rich zones due to a high concentration of
6

fuel as it evaporates. Once again, this results in higher PM production. This can be a
particularly difficult issue to overcome for a GDI engine due to the variability in injection
timing. If fuel is injected during the intake stroke, fuel may impinge on the open intake
valve. In this instance, a narrower spray cone angle may be beneficial to direct fuel past
the valve. It is also possible for fuel to impinge on the piston head, especially if injection
occurs when the piston is near TDC (Steimle et al., 2013). Precise control of injection
timing and spray properties is needed to ensure fuel impingement and pool formation
are minimized for as many engine conditions as possible (Steimle et al., 2013).

Figure 1.5: GDI injection schematic (Zhao et al., 1999).

As with diesel engines, PM emissions from GDIs are significantly higher than PFI
engines (Khalek et al., 2010; Liang et al., 2013; Bielaczyc et al., 2014; Karavalakis et
al., 2014a), and this presents strong motivation to characterize these emissions in an
effort to mitigate them. Similar to diesel engines, GDIs produce elemental carbon
aggregates which can be mixed with organic liquid material. The relative amount of
organic material has been found to be high pre-catalyst (Storey et al., 2010), with massbased organic carbon to elemental carbon ratios ranging from approximately 2 to 50
depending on operating condition and fuel composition; however this ratio was much
lower after the catalyst (<0.5). Maricq et al. (2012) also found tailpipe-out PM to be
primarily elemental carbon. The volatile or semi-volatile liquids can be present as
separate droplets or they can coat the solid aggregates. Momenimovahed and Olfert
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(2015) found that the amount of volatile material in relation to the total particle mass
increased as tractive power increased, and that the relative amount of volatile material
decreased as mobility-equivalent diameter increased. They also found mass-mobility
exponents of 2.4 to 2.7 for undenuded particles and 2.5 to 2.7 for denuded particles.
Quiros et al. (2015) observed mass-mobility exponents of 2.45±0.05, which decreased
to 2.30±0.02 at higher loads.
Chen et al. (2012) saw bimodal size distributions in both their pre and post-catalyst
measurements, although post-catalyst distributions contained smaller nucleation
modes. Catapano et al. (2013) found particle size distributions which were bimodal and
had a large nucleation mode (without the use of a catalyst); whereas others have
observed size distributions which were unimodal (Gu et al., 2012; Zhang et al., 2014).

1.3 Effects of Particulate Matter
Particulate emissions have potential negative impacts on health and the
environment. PM is ranked as the 13th most common cause of death (responsible for
approximately 800 000 deaths yearly) (Anderson et al., 2012). Moreover, it was
predicted that in 2012 3.7 million premature deaths worldwide were caused by exposure
to PM smaller than 10 μm (WHO, 2014). In 2008, it was predicted that 21 000
Canadians died from causes linked to air pollution, and the effects of air pollution are
estimated to be $8 billion (CMA, 2008). Sufficiently small particles are able to penetrate
into the body through the lungs and intestines, and can deposit for long periods of time.
Depending on their size, shape, and chemistry, the particles can result in a host of
potential negative health effects on many organs (Hoet et al., 2004; Balasubramanian et
al., 2010). PM exposure has been correlated with negative effects on cardiovascular
and cerebrovascular health, as well as respiratory diseases through systemic
inflammation, coagulation activation, and translation into systemic circulation (Anderson
et al., 2012). Miller et al. (2007) found that increased long-term exposure to PM resulted
in a 24% increase in cardiovascular incidents for postmenopausal women. Moreover, a
76% increase in cardiovascular-related deaths was observed. Likewise, a decrease in
black smoke concentration of 35.6 μg/m3 following a sales ban of bituminous coal
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resulted in a decrease in respiratory and cardiovascular mortality of 15.5% in the area
(Clancy et al., 2002). Potential links to increased frequencies of asthma, chronic
obstructive pulmonary disease (COPD), and reduced lung function for people with cystic
fibrosis have also been reported (Anderson et al., 2012), and negative effects
specifically from automotive PM have been inferred by Riediker et al. (2004).
PM can also potentially contribute toward climate change through several
mechanisms, and its effects on radiative forcing are compared in Figure 1.6. Particles
scatter solar radiation; preventing it from being transmitted to the earth surface.
However, carbon particles absorb radiation, and the resultant energy heats the
atmosphere (Boucher et al., 2013), although this effect is not as significant as radiation
scattering. As a result, a net cooling effect is observed from aerosol-radiation interaction
(IPCC, 2013). Elemental carbon may also increase the albedo of the area, particularly
when the terrain is composed of elements with high albedos such as snow or ice. This
increases the amount of radiation absorbed and has a small positive effect on radiative
forcing. The particles have an indirect effect on the climate as well: they can act as
nucleation sites for water droplets, which leads to increased cloud formation (Albrecht,
1989; Giordano et al., 2015). As clouds have relatively high albedos, more solar
radiation is reflected which results in a cooling effect of a similar magnitude to the
aerosol-radiation interaction.
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Figure 1.6: Comparison of agents on global radiative forcing. Hatched bars represent radiative forcing
and solid bars represent effective radiative forcing (IPCC, 2013).

1.4 Emission Regulations
Euro 5 regulations limited particle mass from light duty vehicles (both compression
ignition and spark ignition) to 4.5 mg/km for the New European Driving Cycle (NEDC)
(Giechaskiel et al., 2014), although the first installation of Euro 5 (Euro 5a) did not
invoke any regulations on particle number (EEA, 2007). With the introduction of Euro
5b, compression ignition vehicles were limited to particle number emissions of 6×10 11
/km (EEA, 2008). Current Euro 6 regulations (introduced September 2014) have not
altered particle mass limitations but have imposed a number regulation of 6×1011 /km for
direct injection spark ignition vehicles (EEA, 2012). This particle limit is extended to
6×1012 /km for direct injection vehicles for the first three years following Euro 6
implementation.
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Euro 6 heavy duty vehicles are to be tested on the World Harmonized Transient and
Steady Cycles (WHTC and WHSC, respectively) and held to regulation UN/ECE 49
which limits mass emissions to 10 mg/kWh. Number emissions are limited to 6×1011 /km
for the WHSC cycle and 8×1011 /km for the WHTC cycle (Giechaskiel et al., 2014).
American regulation Tier 3 regulations do not have a number limit, but restrict light
duty mass emissions to 3 mg/mile on the FTP cycle and 10 mg/mile on the US06 cycle.
Heavy duty vehicles must meet a mass emission level of 10 g/bhp/h (Giechaskiel et al.,
2014).

1.5 Abatement
Measures can be taken with engine control to reduce PM emissions to meet the
above regulations. Allowing more time for the fuel to mix with the air before combustion
reduces fuel-rich zones and can significantly lower PM concentrations. This can be
done by injecting fuel early or by delaying ignition (Steimle et al., 2013; Su et al., 2013;
Pei et al., 2014). An increase in exhaust gas recirculation (EGR) fraction has also been
seen to improve PM emissions from gasoline direct injection (GDI) engines (Hedge et
al., 2011; Sabathil et al., 2011; Pei et al., 2014), although EGR has also been seen to
increase PM mass emissions for a direct injection natural gas engine (Patychuk and
Rogak, 2012).
Reductions in PM can also be made in the exhaust. Volatile organic material can be
oxidized using a catalytic converter. Diesel engines use diesel oxidation catalysts
(DOC) (pictured in Figure 1.7) which are usually coated in metals within the platinum
group (platinum, palladium, rhodium) (Stone, 1999). The catalyst reacts CO, unburned
hydrocarbons, and volatile particles in conjunction with excess air in the exhaust. An
active technique known as selective catalytic reduction can also be used to eliminate
some of these organic species, although its primary function is to remove oxides of
nitrogen, or NOx (typically for diesel engines). For gasoline engines, a three-way
catalyst (TWC) is used. Its name is derived from the three gaseous species it removes
(CO, unburned hydrocarbons, and oxides of nitrogen or NO x), although it also oxidizes
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volatile PM. The portion which removes NOx is a reduction catalyst, whereas removal of
organic species is done with an oxidation catalyst.
A catalytic converter is advantageous because there is relatively little impedance to
the exhaust flow so performance and efficiency are not compromised. However, the
catalyst must be hot to attain good conversion efficiency (Stone, 1999), so performance
at low load for diesel engines can suffer. Several advanced strategies are available to
keep the catalyst temperature above the necessary lightoff temperatures of its various
target species. The injection of fuel late in the power stroke or into the exhaust can
provide enough reactive material (unburned fuel) that the heat from its oxidation is
sufficient to keep the temperature above lightoff (Wirojsakunchai et al., 2009). Although
not used in practise, a system of valves can be used to periodically reverse the exhaust
flow direction to keep all portions of the catalyst sufficiently hot (Liu et al., 2000;
Wirojsakunchai et al., 2009). A caveat for this method is that the exhaust must be hot
enough to keep at least the first portion of the catalyst above lightoff, as no new energy
is added to the system. Finally, the catalyst can be heated electrically (Liu et al., 2000).
These advanced techniques are of greater importance for reduction of gaseous
emissions (especially methane), as it has been shown that the effective lightoff
temperature for PM is lower than for gaseous species (Whelan et al., 2013).
Nevertheless, at low power, benefits may be seen in regard to PM reduction as well.
In the case of elemental carbon, it is too inert to react unless temperatures are high
(oxidation occurs readily above 600°C, Goldenberg et al., 1983), so a filter is necessary.
Diesel particulate filters (DPF) like that shown in Figure 1.7 can achieve filtration
efficiencies of at least 85% (EPA, 2010), although periodically the trapped soot must be
oxidized to regenerate the filter. This happens to some extent at high loads when
exhaust temperatures are elevated (passive regeneration); however in many cases
active regeneration is also necessary. Fuel is injected late in the combustion stroke or
into the exhaust, and its oxidation results in temperatures which are sufficiently high to
oxidize the PM and regenerate the DPF. The process produces some CO 2 and a small
amount of residual ash. DPFs add resistance to the exhaust flow; so power and
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efficiency penalties may be observed. As such, PM mitigation strategies which involve
prevention of PM formation rather than removal of existing PM are desirable. These
include control methods as mentioned above, as well as novel fuels and engine
technologies.

Figure 1.7: DOC and DPF schematic (EPA, 2010).

1.6 Research Overview and Implications
In this research, PM emissions from two direct injection engines were studied: a
natural gas compression-ignition engine fitted with a high pressure direct injection
(HPDI) system, and a spark-ignition, GDI engine. A CPMA and tandem differential
mobility analyzers were used to characterize the PM emissions with regard to size
distributions, mass-mobility exponents, effective densities, volatility, and mixing state.
Information gleaned concerning particle morphology and volatility is useful for choosing
suitable exhaust aftertreatment and can be used to determine mass concentrations
using methods such as the integrated particle size distribution (IPSD) technique which
can be much faster than gravimetric methods. Moreover, knowledge of the PM
morphology from the HPDI engine can help distinguish any differences between naturalgas HPDI soot and diesel soot, which can be useful when assessing the value of
introducing more natural gas vehicles in the heavy duty fleet. The GDI was tested using
various fractions of ethanol mixed with gasoline. This research will contribute to the
ongoing debate regarding the potential for ethanol to reduce PM emissions, and will
elucidate the effects ethanol has on the particles themselves. Should new regulations
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for PM emissions or fuel composition be put in place, this work will help determine the
steps which must be taken to control GDI emissions.

1.7 Thesis Organization
This thesis is comprised of four chapters. Chapter 2 discusses the HPDI
experiments, and Chapter 3 is dedicated to GDI experiments. Finally Chapter 4 offers
an overall discussion and summary, and presents conclusions based on both data sets.
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2. Characterization of Particulate Matter Morphology and Volatility
from a Compression-Ignition Natural-Gas Direct-Injection Engine
2.1 Introduction
Despite the many benefits of compression-ignition engines, they tend to produce a
large amount of particulate matter (PM) in comparison to port-injected spark ignition
engines (Fujita et al., 1995). The PM can have potential adverse effects on the
environment and human health, and as a result, emissions regulations are becoming
increasingly stringent (Johnson 2012). While the combustion of natural gas tends to
produce a lower amount of PM than diesel fuel, it is still important to understand these
emissions, both quantitatively and qualitatively. The nature of the particles emitted may
dictate the type of exhaust after-treatment that is used on natural-gas compressionignition engines.
The High-Pressure Direct-Injection (HPDI) system uses natural gas and diesel fuel
at pressures up to 300 bar. Both fuels are introduced using concentric passages with
separate holes on the same injector, as seen in Figure 2.1. Near top dead center (TDC),
the diesel pilot is injected (approximately 5% of the total energy; panel a), and
autoignites. The natural gas is then injected (panel b) and is ignited by the diesel pilot
flame. The natural gas combustion is predominately unmixed, which helps avoid knock
and allows for a high-compression ratio and thermal efficiency, like those associated
with diesel engines (McTaggart-Cowan et al. 2012). In this engine, soot particles are
mainly formed by incomplete combustion of natural gas (Jones 2004). Strategies to
reduce PM (reviewed below) resemble those used for conventional diesel engines. In
contrast, “dual-fuel” or “fumigated” engines use late-cycle diesel injections (Wong et al.
1991; Mustafi et al. 2010) to ignite natural gas that is mixed with the intake air. In
fumigated engines, soot emissions are almost entirely due to the diesel fuel, while the
premixed charge gives rise to NOx, CO, and HC emissions resembling those of sparkignited engines. Because the HPDI system allows independent control of the gas and
diesel injections, it is possible to inject the gas earlier than the diesel pilot, producing
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conditions that are closer to the fumigated natural-gas engine. One of these conditions
is included in the experiments described in this chapter.

Figure 2.1: HPDI injector schematic depicting diesel pilot injection (a) and primary natural gas injection (b)
(Westport Innovations Inc., 2015).

Several studies have already been conducted on this single cylinder research
engine (SCRE) equipped with an HPDI fuel system. Patychuk and Rogak (2012)
studied PM mass, size, and composition while varying equivalence ratio (EQR), gas rail
pressure (GRP), exhaust gas recirculation (EGR), injection timing, and diesel injection
mass for a mid-speed (1500 RPM), high load (16.5 bar gross indicated mean effective
pressure [GIMEP]) engine condition. They determined that PM mass emissions were
affected primarily by EGR and EQR, and PM number emissions were also affected by
EGR and EQR, and less strongly by GRP and diesel pilot quantity.
McTaggart-Cowan et al. (2012) worked to reduce the PM mass emissions for the
same engine mode used by Patychuk and Rogak (2012). They found that PM could be
reduced by adjusting the relative phasing of the diesel and natural gas injections to
allow for more premixing of the natural gas with air. In addition, a reduction in pilot mass
to increase ignition delay and lower EGR levels also helped. These conditions were also
found to reduce CO, but increased the levels of unburned hydrocarbons and NOx. The
reduction in pilot injection mass significantly reduced PM for a given NOx level at high
load, although not much effect was seen at low load. They determined that optimized
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conditions give a large reduction in PM while sacrificing some NOx emissions. A smaller
improvement in PM emissions is possible with no NOx cost.
Faghani et al. (2013) also investigated methods of reducing PM levels from this
engine. They determined that a split gas injection strategy where 15–20% of the natural
gas is injected 1.5–2.5 ms after the end of the first injection can reduce PM and CO
emissions by 80%. Methane emissions were also reduced, NOx did not seem to be
affected, and fuel consumption increased marginally (~1%).
Patychuk (2013) observed the effects of engine speed and load, injection timing,
EQR, EGR, GRP, diesel injection mass, and amount of fuel premixing (fuel premixing is
where some of the natural gas is injected into the cylinder before the diesel pilot and
given time to mix before ignition) on the morphology of the PM emissions. An increase
in engine load increased particle mass and number concentrations. Engine speed
showed the same trends, although a weaker relationship was seen. Mean particle size
also increased with load, and mass and number volatile fractions (fm and fN) decreased.
At single mode operation, EQR, variations in GIMEP, and GRP had the largest bearing
on PM mass emissions. Overall, primary particle size exhibited a weak negative
correlation with speed, although there was a positive correlation for mid and high loads
between the low and mid speeds (1200 RPM and 1500 RPM). Primary particle size was
also seen to correlate positively with aggregate size (Dastanpour and Rogak 2014).
For these experiments, we studied PM morphology and volatility in more detail
through size-segregated particle mass, measured using a centrifugal particle mass
analyzer (CPMA), and through transmission electron microscopy (TEM). The CPMA
classifies particles based on mass-to-charge ratio (Olfert and Collings 2005). The
CPMA (or a related instrument, the aerosol particle mass analyzer, APM) has been
used to measure the mass-mobility relationship of particles emitted from several
engines including: diesel engines (Park et al. 2003; Olfert et al. 2007; Barone et al.
2011), natural-gas fueled homogenous-compressed charge-ignition engines (Bullock
and Olfert 2014), and aircraft turbines (Durdina et al. 2014; Johnson et al. 2015).
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TEM is a commonly accepted ex-situ method for direct characterization of the soot
morphology (Medalia and Heckman 1969; Rogak et al. 1993; Brasil et al. 1999;
Dastanpour and Rogak 2014; Seong et al. 2014). Primary particle diameter, aggregate
maximum length and width, projected area equivalent diameter, and gyration radius can
be measured from these images. Three-dimensional morphology parameters, e.g.,
number of the primary particles in individual particles, can be inferred from these twodimensional parameters (Rogak et al. 1993; Brasil et al. 1999; Park et al. 2004; Tian et
al. 2007).
In this article, a CPMA, TEM, and tandem differential mobility analyzers are used to
thoroughly characterize the PM emissions in terms of their size distributions,
morphology, mass-mobility exponents, effective densities, volatility, mixing state, and
primary particle size. This work analyzes these characteristics both in absolute terms
and in relation to aggregate size. Knowledge of the particle volatility (fN, fm, and mixing
state) is useful for choosing suitable exhaust aftertreatment (e.g., oxidation catalyst or
particulate filters). Furthermore, an understanding of the mass-mobility relationship
allows PM mass concentration to be calculated from size distribution measurements
instead of filter methods that are time consuming and susceptible to measurement
artifacts, especially at low particle concentrations (Liu et al. 2012). Moreover, knowledge
of PM morphology can help distinguish any differences between natural-gas HPDI soot
and diesel soot observed with light scattering or other optical techniques.

2.2 Experimental Setup
The experimental configuration is displayed in Figure 2.2. This work was conducted
on a single-cylinder engine located in the University of British Columbia’s Clean Energy
Research Centre. The engine specifications are outlined in Table A1 in the appendices.
The engine is a six-cylinder Cummins ISX engine modified so that only a single cylinder
fires using an HPDI injector. Further information on the engine is reported by
McTaggart-Cowan et al. (2007) and Patychuk (2013). This single-cylinder engine uses a
prototype fueling system, and the operating conditions and results, while generally
representative of non-premixed natural gas combustion, do not relate directly to any
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previous, current, or future Westport engines. The testing was performed at six different
operating conditions, which were based on the European Stationary Cycle (ESC-13; EU
1999). The ESC-13 modes are a common starting point when determining relevant
operating conditions for heavy-duty engines (McTaggart-Cowan et al. 2012). Engine
modes were selected at 25%, 37%, 50%, and 75% of maximum load at an engine
speed of 1500 RPM (denoted B25, B37, B50, and B75 corresponding to 5.5, 8.25, 11,
and 16.5 bar GIMEP). These modes operated with 20% EGR; however, at the highest
load a 0% EGR mode was also examined.

Thermodenuder

Intake Air
EGR
Surge
Tank

Dilution
System

Surge
Tank

Engine

TPS
Thermodenuder

DMA 1

CPC 1

Bypass

DMA 2

CPC 2

CPMA

Figure 2.2: Experimental Setup.

A lower speed of 1200 RPM at 63% maximum load and 0% EGR (denoted A63) was
also tested. At this mode, the majority (~80%) of the natural gas was injected into the
combustion chamber during the intake stroke, allowing the bulk of the gas to premix
before ignition. A diesel pilot was used near TDC to initiate the combustion event. This
mode was selected as it provided relatively low total PM emission (on a mass basis)
due to the premixed nature of the combustion. As such, it was hypothesized that the
characteristics of the PM formed at this mode would be very different from that at other
modes.
For PM sampling, the exhaust gas was first passed through a two-stage ejector
dilutor system with an overall dilution ratio of approximately 11:1. This is done to lower
19

the partial pressure of water vapour and prevent it from condensing. Flow was then split
into two streams, one of which fed a series of instruments to quantify the particles’
mass-mobility relationship, volatility, and the mixing state of the volatile material. The
particles first passed into a differential mobility analyzer (DMA1; Model 3081, TSI Inc.,
Shoreview, MN, USA), which classifies particles by mobility-equivalent diameter. It
charges the particles then passes them into a gap between two concentric cylinders. As
the particles move down the length of the cylinders, they are subjected to an
electrostatic force caused by a potential difference between the cylinders. This force
attracts the (oppositely) charged particles towards the inner cylinder, and the speed the
particles move inward is dependent on their aerodynamic drag (electrical mobility).
Particles with a certain electrical mobility move inward at a speed which causes them to
pass through the sample outlet. The DMA was set at a constant voltage to admit a
constant, narrow range of particles with the same electrical mobility. DMA1 was
operated with a sheath flow of 6 L/min and aerosol flowrate of 0.6 L/min.
The aerosol flow then proceeded through either a thermodenuder or its bypass. A
thermodenuder contains a section of heated tubing in which volatile material is
evaporated. As the sample exits the heating section and begins to cool, the volatile
material condenses on the tube walls rather than the particles due to the Kelvin effect
(Hinds, 1999), and the remaining PM sample is comprised solely of non-volatile
material. After exiting the thermodenuder, the flow was split again. Half of this flow was
sent to a scanning mobility particle spectrometer (SMPS) system which consists of a
DMA (DMA2) and a condensation particle counter (CPC, Model 3775, TSI Inc.,
Shoreview, MN, USA). An SMPS progressively steps though the DMA voltage range
(classifying a range of mobility-equivalent diameters) and records the associated
number concentrations with the CPC. This results in a particle number distribution as a
function of mobility-equivalent diameter. The DMA had a sheath flow of 3 L/min and the
CPC had an aerosol flow of 0.3 L/min. Because the particles had already been sent
through the first DMA, the second DMA’s charger was bypassed. The mobilityequivalent diameter was taken to be the geometric mean diameter (GMD) of a
lognormal fit of the data. For an undenuded sample, a mean bias of 0.5% was observed
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between the first DMA’s mobility-equivalent diameter set point and the GMD reported by
the second DMA. Total particle distributions were also measured by bypassing the first
DMA and performing SMPS scans on the entire particle sample. Number concentrations
for denuded scans were corrected for diffusional deposition losses through the
thermodenuder using the formulation in Gormley and Kennedy (1949). The losses are a
function of a single dimensionless parameter proportional to tube length, volumetric
flowrate, and the particles’ diffusion coefficient. Tube length was taken to be the
additional length of tube in the denuder, compared to the flow path of the undenuded
samples. Particles are also lost due to thermophoresis in the thermodenuder.
Experimentally, it was determined that the thermophoretic losses were relatively small
(~5–10%). A correction for thermophoretic losses was not applied to the data as it was
found (in some cases) to overcompensate the losses (the corrected denuded number
concentrations were higher than the undenuded samples).
The remaining half of the aerosol exiting the thermodenuder was sent to a CPMA,
which classifies particles based on their mass-to-charge ratio (Olfert and Collings 2005).
The charged particles are passed into a gap between two rotating concentric cylinders
with a potential difference between them. The rotation produces a centrifugal force on
the particles toward the outer cylinder, and the electrical potential attracts the particles
to the inner cylinder. These opposing forces are balanced for particles with the correct
mass-to-charge ratio, which pass straight through the classifier. The CPMA was
stepped through various particle mass settings, by stepping both the rotation speed and
voltage to ensure a constant resolution across the CPMA range. The resolution, defined
as the inverse of the normalized full-width half-maximum of the transfer function, was
approximately 10 (i.e., the resolution was approximately a tenth of the CPMA set point).
Particle counts at these mass settings were measured using a CPC (Model 3025, TSI
Inc., Shoreview, MN, USA). Under the assumptions that there are no multiply charged
particles and that the effective density is approximately constant for a given mobility
(reasonable for the narrow range of classified particles), the distribution function is
normal and the peak is equivalent to the average particle mass classified by the CPMA.
If multiply charged particles are present, they may be seen as a second concentration
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peak, given that the CPMA and DMA resolutions are high enough. A least-squares
minimization can be performed that fits the data with a lognormal distribution (or bimodal lognormal distribution if multiple charged particles are present), as seen in Tajima
et al. (2011). The second line from the diluter leads to the thermophoretic sampler
(TPS), which deposits particles onto carbon grids (300 Mesh Cu) using thermophoretic
deposition for TEM analysis. The samples were collected downstream of the upper
thermodenuder in Figure 2.2 operating at 200°C to remove the semi-volatile material.
On average, 40 images were produced for each test point using a Hitachi H7600
transmission electron microscope operating at 80 kV under high-resolution mode.
Images were taken at the center and four other locations around the grid. Images
considered in size characterization were collected at optimum optical focus with nominal
resolution of 0.2 nm. Morphology parameters of soot particles were extracted from TEM
images using a semi-automated image processing program written in MATLAB (see the
supplemental information of Dastanpour and Rogak 2014).

2.3 Experimental Results
2.3.1

Size Distributions

The undenuded size distributions for all engine modes can be seen in Figure 2.3. A
clear trend is observed whereby an increase in engine load produces a higher PM
number concentration, as well as a larger GMD. Mode A63 80% Premixed was seen to
have the broadest distribution, in addition to the lowest number concentration. Its GMD
also followed the relationship with load: found between mode B50 20% EGR and the
B75 modes.
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Figure 2.3: Undenuded SMPS size distributions, corrected by dilution ratio of 11:1.

2.3.2

Volatility and Mixing State

SMPS scans of denuded particles were also performed for each engine mode.
Figure 2.4 highlights the comparison between denuded and undenuded scans for mode
B25 20% EGR. The change in GMD is related to the amount of internal mixing between
semi-volatile liquids and solid fractal-like carbonaceous particles. Internal mixing implies
that both species are present on a single particle (a solid elemental carbon particle
coated with liquid volatile material). As such, the particle diameter will decrease once it
is denuded. Also, the reduction in total number concentration is indicative of externally
mixed volatility—semi-volatile droplets are mixed separately from the soot particles (i.e.,
some semi-volatile droplets contain no soot). Denuding this type of mixed aerosol will
eliminate all particles comprised solely of semi-volatile material.
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Figure 2.4: Denuded and undenuded particle number concentration for mode B25 20% EGR, corrected
by dilution ratio of 11:1.

The amount of external mixing can be quantified using fN. fN of a particle distribution
is equal to the number of purely volatile particles that are removed by denuding, divided
by the total number of nascent particles (the total number concentration measured by
the SMPS). The fN for each engine mode is compared in Figure 2.5, along with the
number of times each mode was reproduced. An increase in engine load results in a
smaller fN, whereas the decrease in EGR at condition B75 resulted in an increase in fN.
Finally, the lower-speed, fumigation-style mode A63 80% Premixed contained the
lowest fN of all.
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Figure 2.5: Number volatile fraction. Error bars represent one standard deviation.

In diesel-fueled compression-ignition engines, the externally mixed semi-volatile
particles are generally thought to be contained in the nucleation mode—a mode of the
size distribution generally below 50 nm in diameter and readily distinguished from the
accumulation mode comprised of internally mixed soot particles of larger size (Kittelson
1998). In contrast, particles emitted from the HDPI engine contain significant numbers
of externally mixed semi-volatile particles (Figure 2.5), yet the size distributions are all
unimodal (Figure 2.3). Although these particles are generated by very different
processes (e.g., nucleation vs. agglomeration of soot followed by condensational
growth), these modes are not distinguishable in the undenuded size distribution. This is
because when the number fraction of externally mixed particles is large, the size of the
soot particles is relatively small (e.g., B25 20% EGR), and when the size of the soot
particles is relatively large, the number fraction of externally mixed particles is relatively
low (e.g., B75 20% EGR).
In addition to quantifying volatility on a number basis, more information on the PM
mixing state can be gained from presenting the volatility on a mass basis. The fm within
a single particle (internally mixed volatility) is defined as the mass of volatile material
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condensed on a particle (denuded mass subtracted from undenuded mass) divided by
the total (undenuded) mass of the internally mixed particle. fm as a function of particle
size is plotted in Figure 2.6. Error bars represent one standard deviation, and included
in the legend are the number of times each mode was reproduced. Almost all of the
uncertainty in these results stem from the low reproducibility of the engine modes and
the variability in volatility rather than inaccuracies in the instruments. The same engine
conditions on a different day can yield different levels of volatility. This can be due to
factors such as variation within the engine itself or the dilution system causing changes
in particulate composition. The highly volatile modes are more susceptible to this
variation.

Figure 2.6: Mass volatile fraction of exhaust particles. Error bars represent one standard deviation. Mode
B50 20% EGR at 250 nm was reproduced n = 3 times, and mode B25 20% EGR was reproduced n = 2
times at 50 nm, n = 3 times at 35 and 125 nm, and n = 4 times at 65 and 90 nm.

High-load modes such as B75 20% EGR, B75 0% EGR, and B50 20% EGR showed
low amounts of internally mixed volatile matter. In comparison to mode B75 20% EGR,
the 0% EGR case had an fm that was several percentage points higher. As load
decreased however, fm increased, as with modes B37 20% EGR and B25 20% EGR.
Volatile material may be partially derived from lubricating oil (which would produce
approximately the same amount of volatile material independent of load), yet the fm
decrease may be due to the larger number concentration of aggregate particles at high
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loads. The fm of mode A63 80% Premixed was found to be between the high-load
modes and B37 20% EGR, at around 20%. The decreasing trend in volatility as
mobility-equivalent diameter increases has also been observed for diesel exhaust
(Sakurai et al. 2003; Ristimäki et al. 2007), as well as McKenna and inverted burners
(Ghazi et al. 2013).

2.3.3

Effective Density

The mass of a particle (m) is often found to scale with mobility-equivalent diameter
(dm) in a power-law relationship,
𝑚 = 𝐶𝑑m 𝐷m ,

2.1

where C is a prefactor, and Dm is the mass-mobility exponent. This formula can then
be used to determine the effective density of the particles,
𝜌eff = 𝜋

𝑚

𝑑
6 m

6

3

= 𝜋 𝐶𝑑m 𝐷m −3 = 𝑘𝑑m 𝐷m −3.

2.2

Because aggregate particles typically incorporate more open space as they grow,
their effective density tends to decrease as size increases. The prefactor k and
exponent Dm are determined by fitting a power-law relation through several
corresponding masses and mobility-equivalent sizes throughout the particle size
distribution.
Effective density measurements for all engine modes, without denuding the
particles, can be seen in Figure 2.7, with the prefactors and mass-mobility exponents
listed in the legend. The B75 modes and mode B50 20% EGR possess similar trends,
having mass-mobility exponents of about 2.4. Modes A63 80% Premixed and B37 20%
EGR have larger mass-mobility exponents and effective densities. Mode B25 20% EGR
has a mass-mobility exponent of approximately 3, meaning that the particles are
spherical, and hence their effective density does not change with size. As discussed
above, the externally mixed volatile modes B25 20% EGR and B37 20% EGR would
normally be expected to show two concentration peaks in the CPMA scans; however,
this was not observed. Therefore, the effective densities of the aggregate particles and
the volatile droplets must be similar. The density of engine oil or similar hydrocarbon
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liquid is usually between 800 and 1000 kg/m3. If the aggregate effective density is close
to this range, a single concentration peak should be observed despite the fact that two
particle species are present.

Figure 2.7: Effective density versus diameter for undenuded particles.

Denuded effective density data is plotted in Figure 2.8, with the prefactors and
mass-mobility exponents shown in the legend. The majority of the data collapses to
mass-mobility exponents of 2.4 to 2.6. Despite the different mass-mobility exponents,
the denuded effective density data is still somewhat grouped, and so it may be
convenient to represent all modes with a single relationship for mass concentration
calculations via SMPS scans. This can also be seen in Figure 2.8. Data points are
plotted using the denuded mobility-equivalent diameter measured with the second DMA,
after volatile material was removed. The shaded region represents an uncertainty of ±
20% in effective density. The effective density data for diesel soot from Olfert et al.
(2007), as well as that from Maricq and Xu (2004), are within the region of uncertainty of
the combined trendline throughout the given size range; however, the effective densities
determined by Park et al. (2003) were found to be higher for mobility equivalent sizes
below 220 nm. In comparison to these previous diesel studies, the mass-mobility
exponents determined here are similar or slightly higher. For reference, Park et al.
(2003) found exponents of between 2.33 and 2.41, Maricq and Xu (2004) had
exponents of 2.3 ± 0.1, and Olfert et al. (2007) had mass-mobility exponents of 2.22 to
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2.48 when the volatility was low. It is interesting to note that although natural gas
reduces the PM number and mass concentrations in relation to diesel, the morphology
of the soot remains quite similar in terms of mass-mobility exponent.

Figure 2.8: Combined trendline for denuded data.

A comparison of Figure 2.7 to Figure 2.8 elucidates that there was in fact some
volatile material coating the particles that was subsequently evaporated inside the
thermodenuder. This conclusion agrees well with the above-mentioned volatility results:
low-load modes such as B25 20% EGR and B37 20% EGR contained the highest levels
of volatile matter. The spherical particles observed at undenuded mode B25 20% EGR
are likely coated with (or entirely comprised of) liquid material, and fittingly, the observed
density is similar to that of engine oil or liquid hydrocarbon. The intermediate exponents
of modes A63 80% Premixed and B37 20% EGR likely also result from the presence of
volatile material; however, in these cases, the amount present is not sufficient to form a
sphere around the soot structure, as with B25 20% EGR.

2.3.4

Morphology, Mass-Mobility Exponent, and Primary Particle Diameter

Sample TEM images of the test points are shown in Figure 2.9. Image processing
results are also summarized in Table A2. TEM images demonstrated the collapse (or
restructuring) of some soot aggregates at the high-volatility engine mode (mode B25
20% EGR). The restructuring of soot into more compact clusters when volatile material
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is condensed on them is reported in the literature (Slowik et al. 2007). This is also
consistent with Figure 2.8, which shows the effective densities of denuded B25 20%
EGR particles tend to be higher (especially at higher mobility diameters) than the
densities from other engine modes. The slightly elevated effective densities seen in
Modes B37 20% EGR and A63 80% Premixed suggest that this effect may be present
there as well. The degree to which the aggregate is restructured is dependent on the
amount of volatile material coating the particle, as shown by Ghazi and Olfert (2013).
This effect is noticeable for the more volatile engine modes with elevated internally
mixed fm because the amount of material coating the particle is sufficient to cause the
soot to collapse. Note that the DMA-CPMA system will show this collapse in particle
structure for a given mode even if the majority of particles (but not all) have collapsed,
because their measurements are number-based. Alternatively, effective density has also
been shown to scale with primary particle diameter (see below).

Figure 2.9: Sample TEM images. All scale bars are 100 nm, except for B25, which is 20 nm.
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TEM results show that the primary particle diameter (dp) first reduces when load
increases from low to medium and then increases again from medium to high load
conditions. For all operating conditions, the standard deviations of the primary particle
size distributions are approximately 35% of the average primary particle diameter.
Primary particle diameter is affected by different parameters including local EQR,
temperature, and residence time of the particles in the combustion region (Glassman
1989; Park et al. 2005). The reduction observed in primary particle diameter when load
increased from low to high levels may attribute to faster carbonization and higher
oxidation rates due to higher temperature. Further increases in load result in higher
EQRs in the combustion chamber. This may ultimately shift the balance between
formation and oxidation rates and result in the formation of larger primary particles.
TEM results also show that the EGR results in an increase in primary particle
diameter from 18.6 nm at 0% EGR to 25.7 nm at 20% EGR. This contrasts with
previous findings by Patychuk (2013) where EGR had no effect on primary particle
diameter. However, this agrees with the presence of a correlation between aggregate
and primary particle diameters (Dastanpour and Rogak, 2014).
Primary particle diameter highly depends on engine operating condition. The
average diameter of the primary particles varies between 13 nm and 26 nm in this
study. Changing the engine operating conditions, Patychuk (2013) has measured
primary particle diameter in the range of 23 to 33 nm for the same engine. The range of
primary particle diameters measured on the HPDI engine (13–33 nm) is similar to the
measurements of primary particle diameter in diesel engines (Lee et al. 2002; Wentzel
et al. 2003; Park et al. 2004; Zhu et al. 2005; Neer and Koylu, 2006). Combining results
obtained in this study with those reported by Mabson (2015) for the same engine, mean
gyration radius of soot aggregates varies between 25 nm and 87 nm for the HPDI
engine considered here. This is considerably smaller than the results reported for diesel
engines, 75–180 nm (Lee et al. 2002; Zhu et al. 2005; Neer and Koylu, 2006). Previous
studies conducted on the same HPDI engine (Soewono 2008; Mabson 2015) showed
the fractal dimension and prefactor of the soot particles to be in the range of 1.4 to 1.8
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and 1.43 to 2.53, respectively. Measured fractal dimensions and prefactors are
approximately consistent with the range of 1.46 to 1.88, and 1.3 to 4.0 reported for
diesel engines, respectively (Lee et al. 2002; Wentzel et al. 2003; Park et al. 2004; Zhu
et al. 2005; Neer and Koylu, 2006). However, a precise comparison of the fractal
prefactors is difficult because of differences in the methods used.
Dastanpour and Rogak (2014) have discussed the presence of a correlation
between primary particle size and aggregate size. This correlation can be explained if
soot aggregates are formed in homogenous microscopic regions, and aggregates with
different formation and growth patterns are mixed. Their database comprised of four
different soot sources including 14 different operating conditions of the HPDI engine
considered in this study. They reported a correlation for the primary particle diameter as
a function of projected area equivalent diameter of aggregates in the form of 𝑑p =
𝐷

𝑘TEM 𝑑a TEM , where kTEM = 6.49 (5.46, 7.52), DTEM = 0.29 (0.26, 0.32), and R2 = 0.327
(values in parenthesis are 95% confidence intervals) for the HPDI engine considered
here. The fit parameters (kTEM, DTEM, R2) obtained for the individual operating conditions
considered in this study are shown inset to Figure 2.9 (details on the TEM analysis are
given in Table A2 in the appendices). As shown in the figure, decreasing load or speed
results in stronger correlations (larger DTEM) between the primary particle and aggregate
sizes. This trend might be an indication of more (relatively) heterogeneous charge
distribution and lower mixing rates of the soot particles at lower engine loads and
speeds, respectively.

2.4 Conclusion
The characteristics of the particulate emitted from a single-cylinder, compressionignition, natural-gas research engine fitted with an HPDI system were studied in terms
of their size distributions, morphology, mass-mobility exponents, effective densities,
volatility, mixing state, and primary particle diameter. Number concentration and GMD
were seen to increase with engine load. The fN decreased as load increased, although
mode A63 80% Premixed had the lowest fN (but is a very different combustion regime).
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fm also decreased with load, and A63 80% Premixed had an fm between that of B37
20% EGR and the higher-load modes. It is speculated that a roughly constant amount of
volatile material is produced at each engine mode, and the decrease in fm is due to the
increase in PM number with load. The fm was also seen to decrease as mobilityequivalent diameter increased.
The effective density and mass-mobility exponent results also indicate that more
volatile material is present for the low load modes, especially for mode B25 20% EGR
where the undenuded particles are spherical and are likely entirely coated with volatile
liquid. Denuded effective density trends were observed to collapse to within
approximately ±20% of a line of best fit. This single effective density function could be
used to calculate particle mass concentrations for denuded PM using particle number
distributions (Liu et al. 2012). However, the effective densities of undenuded soot were
highly variable with respect to load due to the presence of relatively high amounts of
volatile material at low load. Therefore, load-dependent effective density functions would
be needed to calculate mass concentrations for undenuded particulate.
Although denuded effective densities were relatively similar with respect to load, it
was observed the effective densities of modes with high levels of volatility were slightly
higher, which suggests the soot structures collapsed into slightly more compact shapes.
This was supported by TEM images of mode B25 20% EGR. TEM results also revealed
that primary particle size reduces when load increases from low to medium and then
increases again from medium to high load. This non-monotonic trend may be due to
competing effects from the higher temperatures achieved from the initial load increase,
and the higher EQRs seen at even higher loads. An increase in EGR was also seen to
increase primary particle size.
Finally, coefficients were determined for a relation that gives primary particle
diameter as a function of projected area equivalent diameter. A decrease in load or
speed results in a stronger correlation.
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These results can be useful in determining which type of after-treatment will be most
effective at mitigating PM emissions. Results show that the PM consists of non-volatile
soot aggregates either internally or externally mixed with semi-volatile material. Soot
aggregates have similar primary particle size, aggregate size, and effective density as
diesel soot, suggesting diesel particulate filters would be an effective means of reducing
their emission.
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3. Morphology and Volatility of Particulate Matter Emitted from a
Gasoline Direct Injection Engine Fueled on Gasoline and Ethanol
Blends
3.1 Introduction
The introduction of direct fuel injection to gasoline engines has led to an increase in
fuel efficiency and engine performance in relation to traditional port injection. This is
because direct injection allows for control of fuel injection timing, and because the liquid
droplets sprayed into the cylinder cool the surrounding air as they evaporate, allowing
more air into the cylinder. Unfortunately, these liquid fuel droplets also have less time to
evaporate and mix with the incoming air, so particulate emissions of direct injection
engines tend to be higher than those from port injection engines (Su et al., 2013; Liang
et al., 2013; Karavalakis et al., 2014a; Bielaczyc et al., 2014).
The addition of ethanol to gasoline has advantages which include increased knock
resistance as well as potential greenhouse gas benefits because ethanol is produced
from renewable sources (U.S. Department of Energy, 2015). Moreover, there is
evidence that ethanol reduces PM emissions (Fatouraie et al., 2013; Storey et al., 2014;
and Zhang et al., 2014). A maximum fraction of 10% ethanol is allowed by the EPA to
be blended with gasoline for use in all cars and light trucks, although the EPA has
approved the use of 15% ethanol in vehicles of model year 2001 and newer (EIA,
2012). Ethanol consumption in the US is proposed to be 13.71 billion gallons in 2015
and 13.83 billion gallons in 2016 (up from 13.47 billion gallons in 2014 and 12.86 billion
gallons in 2010) (EIA, 2015a; EIA, 2015b). One challenge facing the introduction of
higher-percentage ethanol mixtures is its compatibility with materials used within
engines. Vehicles compatible with ethanol will need to be commonplace if its content in
gasoline is to increase significantly (EIA, 2012).
The addition of ethanol to gasoline produces some competing effects regarding the
production of particulate matter. The oxygen contained in ethanol molecules is thought
to help oxidize particles and ultimately reduce PM emissions (Chen et al., 2012).
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Moreover, aromatic molecules have been linked to PM production (Vuk and Vander
Griend, 2013; Chen et al., 2015) and the addition of ethanol leads to a fuel mixture with
a smaller aromatic fraction than pure gasoline. Ethanol has been found to decrease
particulate number and mass concentrations by Storey et al. (2010), Storey et al.
(2012), Catapano et al. (2013), Vuk and Vander Griend (2013), Fatouraie et al. (2013),
Storey et al. (2014), and Zhang et al. (2014). Despite this, there is also conflicting
evidence that ethanol can increase particulate production in some instances (Chen et
al., 2010; Chen et al., 2012; Catapano et al., 2013). This is suspected to be due to the
higher heat of vaporization of ethanol in relation to gasoline, meaning that fuel droplets
take longer to evaporate and the air-fuel mixture becomes less well mixed, leading to
zones of fuel-rich combustion (Chen et al., 2012). Similar effects from the aromatic
content and volatility of the gasoline itself have been observed by Khalek et al., (2010),
Kim et al. (2013), and Storey et al. (2014). Other alcohols have also been investigated
such as butanol, which decreased PM when mixed with gasoline (Gu et al., 2012;
Zhang et al., 2014; Karavalakis et al., 2014a); although it also decreases the fuel’s
knock resistance. Liang et al. (2013) investigated blends of gasoline mixed with
methanol and found that methanol also helps reduce PM emissions.
The solid portion of particulate matter (PM) generated by gasoline direct injection
(GDI) engines is largely comprised of elemental carbon formed into small primary
particles which agglomerate to form fractal-like aggregates. Primary particle size has
been shown to increase with aggregate size (Lee et al., 2013; Dastanpour and Rogak,
2014; Seong et al., 2014), and ranges from < 5 nm (Sgro et al., 2012) to 55 nm
(Kameya and Lee, 2013). The shape of an aggregate particle can be quantified using
the mass-mobility exponent, which describes the scaling of particle mass (m) with
mobility-equivalent diameter (𝑑m ) as seen in equation 1.1, where 𝐶 is a prefactor, and
𝐷m is the mass-mobility exponent. The mass-mobility exponent can be used to estimate
primary particle size with aggregates (Dastanpour et al., 2015). In the case of GDI soot,
Symonds et al. (2008) determined the mass-mobility exponent to be 2.65 and
Momenimovahed and Olfert (2015) calculated exponents between 2.5 and 2.7 for nonvolatile particles. These exponents are higher than those for diesel soot (2.33 - 2.41 for
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Park et al. (2003), 2.3 ± 0.1 for Maricq et al. (2004), and 2.22 - 2.48 for Olfert et al.
(2007) when the volatility was low). Barone et al. (2012), Lee et al. (2013), and Kameya
and Lee (2013) have noted similarities of GDI particulate to diesel particulate regarding
particle shape and internal structure. To date, a study has not been conducted on the
effects of ethanol on mass-mobility exponent for GDI engines.
In addition to solid carbon, particulate may also exist in the liquid phase. Droplets
can be formed from impinged fuel or oil on a surface within the cylinder (Barone et al.,
2012) or from condensed hydrocarbons in the exhaust (Sgro et al., 2012; Lee et al.,
2013). Liquids can form separate droplets or they can condense on the solid soot
aggregates. In the latter case, the proportion of volatile material to solid elemental
carbon within a given particle is dependent on particle size. Sakurai et al. (2003) and
Ristimӓki et al. (2007) found that the relative amount of volatile material on a particle
decreases with an increase in particle size on a volume basis and a mass basis for
diesel engines. Ghazi et al. (2013) observed the same trend for particulate generated
from McKenna and inverted burners, as did Graves et al. (2015) for a direct-injected
natural gas compression ignition engine while at low loads. Momenimovahed and Olfert
(2015) also noticed this effect on GDI engines at conditions where volatility was
substantial (above approximately 20%). Depending on engine power, they observed
mass-based volatility between 10% and 30%. Research has not yet been done to
investigate the effects of ethanol in GDI engines on particle volatility.
In this study, tandem differential mobility analyzers (DMA) were used in conjunction
with a centrifugal particle mass analyzer (CPMA) to determine the effect of ethanol on
GDI particulate emissions in terms of their particle structure (size, mass-mobility
exponent, and effective density) and volatility (or mixing state). Knowledge of PM
structure and volatility will allow recommendations to be made regarding aftertreatment
strategies (e.g. gasoline particulate filter (GPF), catalytic converter). Furthermore, the
effective density allows the PM mass concentration to be determined using size
distributions instead of time consuming filter methods which are susceptible to
measurement artifacts (Liu et al., 2012).
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3.2 Experimental Setup
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Figure 3.1: Experimental Setup.

The experimental setup is pictured in Figure 3.1. Measurements were taken from
PM emissions emitted by a General Motors 2.0 litre, 4-cylinder, turbocharged, wallguided GDI engine fitted with the production three-way catalytic converter and fueled
with gasoline mixed with 0% (E0), 10% (E10), and 50% (E50) ethanol by volume.
Commercially available, ethanol-free gasoline was used as the base fuel. The gasoline
was analyzed and the results of the analysis are shown in Table 3.1. As expected the
gasoline did not contain any oxygenates (i.e. ethanol). The most prominent constituents
within the gasoline are aromatics and isoparaffins, the former is often associated with
PM production. Also notable are the boiling points: the gasoline contains components
which boil at both higher and lower temperatures than that of the ethanol. Ethanol does
have a higher heat of vaporization however; so its charge cooling effect will be greater,
and this may subsequently affect the fuel’s ability to evaporate.
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Table 3.1: Properties of gasoline and ethanol.

Property

Gasoline (Shell

Ethanol

91 Octane)
Formula

C3 – C12

C2H5OH

Density (kg/m3)

785

790*

Boiling Point, 10% (°C)

38.1

Boiling Point, 50% (°C)

102.2

Boiling Point, 90% (°C)

159.2

Anti-knock index **

78*

91

100*

Aromatic Content (Volume %)

44.3

0.0

Isoparaffin Content (Volume %)

34.6

0.0

Napthene Content (Volume %)

4.8

0.0

Olefin Content (Volume %)

0.7

0.0

15.1

0.0

Oxygenate Content (Volume %)

0.0

100.0

Unidentified (Volume %)

0.4

0.0

Paraffin Content (Volume %)

*Catapano et al., 2013
**Anti-knock index (AKI) is equal to the mean of the research octane number
(RON) and motor octane number (MON)
The engine was fitted to a 250 horsepower eddy current dynamometer (Dyne
Systems Inc., Model MW1014W) and operated at four steady-state loads. The engine
loads tested were chosen to match engine loads that are frequently encountered during
the New European Driving Cycle (NEDC) (UNECE, 2013). The most common loads
were approximately 15 N m and 45 N m and were chosen as test points alongside the
idle condition (800 RPM). Another load of 90 N m was chosen since it is approximately
the load encountered during acceleration in the NEDC. All three loads were operated at
a speed of 2250 RPM. In relation to the engine’s maximum torque output at 2250 RPM
of 350 N m, these loads represent 4%, 13%, and 26% of the maximum achievable load.
Fuel injection during idle was at the beginning of the intake stroke (350° before top dead
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centre), and approximately the middle of the intake stroke while at 2250 RPM (280°
before top dead centre).
Before taking measurements on a given day, the engine ran for approximately half
an hour until parameters such as oil and catalyst temperatures became steady. In cases
were multiple engine loads were tested without shutting the engine off, the engine was
allowed to run for approximately fifteen minutes so the emissions could stabilize once
again. After changing fuels, the engine was operated for at least an hour before any
data was collected. Three replicate measurements were taken for each load and fuel,
with the exception of size-segregated number concentrations, which were measured on
one occasion but with five or six repeat measurements per size.
PM sampling was done by first passing the exhaust sample through a Dekati DI1000 ejector diluter. A sensitivity study was conducted on the effects of heated dilution
using a scanning mobility particle spectrometer (SMPS) and thermodenuder. No
observable difference in the size distributions or the amount of volatile material was
found for all four engine conditions. Unheated dilution was used subsequently. The
dilution ratio (𝛽) was calculated using measurements of upstream and downstream CO 2
concentration (measured by a Vetronix PXA-1100 exhaust gas analyzer and LI COR LI840A CO2 analyzer, respectively) and is
𝜑 −𝜑

𝛽 = 𝜑1 −𝜑da .
2

da

3.1

𝜑1 is the upstream concentration of CO2, 𝜑2 is the downstream CO2 concentration, and
𝜑da is the CO2 concentration in the dilution air (Giechaskiel et al. 2009). The dilution
ratio, which was calculated specifically for each PM measurement, was roughly 13:1.
After dilution, the flow passed into DMA1 (TSI Inc., Model 3081) which was
maintained at a constant voltage to classify particles with a narrow range of electrical
mobility. The shealth flow and aerosol flow rates of DMA1 were 18 L/min and 1.8 L/min,
respectively. The aerosol sample was then sent to a thermodenuder (heated to 300°C)
or its bypass (heating section 0.665 m long, 9.50 mm inner diameter; cooling section
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1.435 m long, 2.75 mm inner diameter; 0.8 second residence time in heating section for
1.8 L/min aerosol flow rate), at which point the flow was split. 1.5 L/min of the flow was
sent to a CPMA, which classifies an aerosol based on its mass to charge ratio (Olfert
and Collings, 2005). The CPMA was stepped through various particle mass settings, by
changing voltage and rotation speed. This results in a resolution which does not vary
with particle mass. The CPMA resolution is defined as the inverse of the normalized fullwidth half-maximum of the transfer function, and was approximately 10 (i.e. the
resolution was approximately a tenth of the CPMA set point) where possible, but at
particle sizes of 30 nm and 45 nm it was set to 5 because the rotational speed would
have otherwise exceeded the classifier’s limitations. Particle counts were measured
using a condensation particle counter (CPC; TSI Inc. Model 3776). The mass
distribution function is approximately normal and its peak corresponds to the average
classified particle mass, assuming multiply charged particles are not present and the
effective density is constant across the distribution width (this is reasonable because the
distributions are narrow, especially at high resolutions). Multiply charged particles may
be seen as a second peak if DMA and CPMA resolutions are sufficiently high, although
in our experiments, no significant fraction of multiply charged particles were observed. A
log-normal distribution (or distribution comprised of two log-normal distributions), as
seen in Tajima et al. (2011) was fit to the mass distribution to determine the average
particle mass at that set point.
The remaining 0.3 L/min was sent to an SMPS system containing DMA2 (sheath
flow 3 L/min) and CPC2, identical to the instruments mentioned above. The charge
neutralizer of DMA2 was bypassed because the particles had already been charged
while passing through DMA1. DMA2 was stepped through various particle sizes as
CPC2 recorded the corresponding number concentration. An inversion code was
applied to the data to determine the mobility-equivalent diameter of the particles
(Stolzenburg and McMurry, 2008). The total particle size distribution data was also
collected by conducting SMPS scans while bypassing DMA1. Number concentrations
for denuded scans were corrected for diffusional and thermophoretic losses using an
experimentally-determined relationship specific to the thermodenuder.
47

3.3 Experimental Results
3.3.1

Size Distributions

Figure 3.2: Undenuded particle size distributions for idle (a), 4% load (b), 13% load (c), and 26% load (d).
Three replicate measurements were taken for each point except for E10 at idle, where seven
measurements were taken. Dashed lines represent one standard deviation.

The undenuded size distributions for all fuels and loads are plotted in Figure 3.2. In
relation to engine conditions, the geometric mean diameter (GMD) was lowest at idle
and increased with load (GMDs at 13% load and 26% load were similar). A small
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decrease in GMD was observed as ethanol fraction was increased. Likewise, Zhang et
al. (2014) saw a decrease in GMD as ethanol fraction increased, although Storey et al.
(2010) did not see a significant change in GMD with ethanol fraction.
It is apparent from Figure 3.2 that the size distributions are not log-normal, but
appear to be skewed. It may be possible that these distributions appear skewed
because the aerosol is comprised of two log-normal distributions: a nucleation mode
(with GMD of ~20 nm) and an accumulation mode (with GMD of ~80 nm). However, this
may not be appropriate. The terms imply that two species of PM, formed by two
different mechanisms, are present within the particle size distribution. In diesel exhaust,
for example, typically volatile liquids grow through nucleation into particles at small
diameters (nucleation mode), while aggregates of solid particles accumulate at larger
diameters (accumulation mode). As is evident in the next section, very little volatile
material is present in the GDI aerosol and there is no distinction between particle
morphology across the size range. The mechanism responsible for PM formation may
simply result in size distributions which are not log-normal. The non-log-normal
distribution shape measured here has been seen from other GDI engines (Gu et al.,
2012; Zhang et al., 2014; Momenimovahed and Olfert 2015).

3.3.2

Volatility and mixing state

The number of volatile particles removed after passing through the thermodenuder
divided by the total number concentration of the sample (Nundenude) is known as the
number volatile fraction (fN). This can also be expressed using the number of nonvolatile particles measured after denuding (Ndenude):
𝑁denude

𝑓N = 1 − 𝑁

undenude

.

3.2

This value represents the fraction of particles which are purely volatile and contain
no soot. Ndenude and Nundenude are obtained by selecting a mobility-equivalent diameter
using DMA1 in Figure 3.1 then measuring the number concentration through the heated
and bypass lines of the denuder with CPC2 (while bypassing DMA2). fN as a function of
mobility equivalent diameter for E0 is displayed in Figure 3.3 (Size-segregated fN plots
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for other fuels are displayed in the appendices). fN is relatively low throughout the size
range, at approximately five percent, and there is no observable trend with particle size.

Figure 3.3: fN as a function of mobility equivalent diameter for E0. Error bars represent one standard
deviation.

Similarly, the mass volatile fraction (fm) can be determined using separate mass
measurements of denuded (mdenude) and undenuded particles (mundenude) by dividing the
mass of volatile material on a single particle by the total mass of that particle:
𝑚denude

𝑓m = 1 − 𝑚

undenude

.

3.3

This gives a measurement of internally mixed volatility, or a comparison of volatile
material to total mass of a given particle. For a given mobility-equivalent diameter
selected with the first DMA, mdenude and mundenude are the average particle masses
measured with the CPMA and CPC1 (Figure 3.1) for particles passing through the
heated and bypass lines of the thermodenuder, respectively. fm as a function of mobility
equivalent diameter for E0 is shown in Figure 3.4 (plots for other fuels are shown in the
appendices). fm trends are similar to fN and remain under 10 percent for all loads and
fuels. These results are lower than those from Momenimovahed and Olfert (2015), who
determined fm values in the range of 10% to 30%, and as the volatile fraction increased
with power, a decrease with increasing particle size was observed. This negative
correlation with size has also been observed by Ghazi et al. (2013) for inverted and
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McKenna burners, as well as Graves et al. (2015) for a compression-ignition natural-gas
engine.

Figure 3.4: fm as a function of mobility equivalent diameter for E0. Error bars represent one standard
deviation.

Because the size-segregated values are relatively constant, it is sufficient to use the
average values for subsequent calculations. The average fN and fm for each fuel and
load are shown in Figure 3.5 and Figure 3.6 respectively. All fractions are seen to be
under 5 percent, with some measurements negative due primarily to variability in the
engine-out particle concentration. E50 at 4% load and idle have particularly high
uncertainty because their number concentrations were extremely low.
Figure 3.5 and Figure 3.6 show that there is a relatively small amount of volatile
particulate emitted from the GDI engine post-catalyst. The PM emitted by the engine
may already contain little volatility, but even if that is not the case, the catalyst likely
oxidizes most volatile material before it is sampled. Samuel et al. (2010) found that
during a cold engine start, particle count was reduced by three orders of magnitude
after the catalyst, and that during a low speed, low load condition the catalyst reduced
PM number by 98 percent. They also note that it is unclear whether the catalyst
removes the particles directly or removes their precursors; preventing them from
forming or growing. Whelan et al. (2013) also found a sharp decrease in PM number
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using a catalyst (65 percent reduction overall with up to 95 percent of particles smaller
than 23 nm removed). They determined an effective lightoff temperature where the
post-catalyst exhaust temperature is around 80 – 100°C at which point the downstream
particle concentration becomes mostly steady. They note that this is significantly lower
than the lightoff temperatures for carbon monoxide or hydrocarbons.

Figure 3.5: Average fN for all loads and fuels. Error bars represent the standard deviation of data points of
all sizes at that fuel and load.

Figure 3.6: Average fm for all loads and fuels. Error bars represent the standard deviation of data points of
all sizes at that fuel and load.

52

Total number concentrations from undenuded SMPS scans can be multiplied by
their respective average fN values to show the number concentrations of purely volatile
particles and particles containing non-volatile solid material (Nvolatile and Nnon-volatile).
These parameters can be determined as
d𝑁

𝑁volatile = ∑ (dlog𝑑 ) (dlog𝑑m )𝑓N ,
m

3.4

and
d𝑁

𝑁non−volatile = ∑ (dlog𝑑 ) (dlog𝑑m )(1 − 𝑓N ) ,
m

respectively, where

d𝑁
dlog𝑑m

3.5

is the number concentration of a given particle size bin,

normalized by bin width. As shown in Figure 3.7, number concentration is seen to scale
with load although idle produced roughly as many particles as at 13% load. Increases in
PM with engine load have commonly been seen in the literature (Maricq et al., 1999;
Farron et al., 2011; Su et al., 2013; Bonatesta et al., 2014), and this is believed to be
due in part to the larger quantity of fuel itself, and also due to the greater cooling effect
observed from the fuel evaporation. Number concentrations also decreased with an
increase in ethanol fraction, with the exception of E10 at 26% load and idle where the
concentration is equal to or slightly higher than the concentration from E0. Maricq et al.
(2012) have observed similar trends, where relatively low fractions of ethanol (under
20%) showed a marginal decrease in PM production, while higher fractions (above
30%) reduced PM between 30% and 45%. Moreover, Storey et al. (2010), Storey et al.
(2012), Vuk and Vander Griend (2013), and Zhang et al. (2014) also observed
decreases in number concentration with the addition of ethanol. Externally mixed
volatile particles (shown as the black shaded region) contribute little to the overall
concentrations, and little trend is seen in relation to engine condition or fuel type.
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Figure 3.7: Total particle number concentrations. Error bars represent one standard deviation of the total
number concentration. Black shading depicts purely volatile particles and other shades particles
containing solid particulate.

3.3.3

Effective Density and Mass-Mobility Exponent

The relation between mass and mobility-equivalent diameter can be rearranged to
determine particle effective density
𝜌eff = 𝜋
6

𝑚

𝑑m 3

6

= 𝜋 𝐶𝑑m 𝐷m −3 = 𝑘𝑑m 𝐷m −3.

3.6

The branching pattern of the aggregate particles incorporates more open space as
the particle increases in size, and thus the effective density decreases accordingly. A
power-law fit using masses at various mobility-equivalent diameters allows the prefactor
𝑘 and exponent 𝐷m to be calculated.
Denuded effective density measurements for all loads and fuels can be seen in
Figure 3.8. Corresponding mass-mobility exponents and prefactors are listed in the
legends. A two-way analysis of covariance (ANCOVA) confirmed that both engine
condition and ethanol fraction indeed have small but highly statistically significant
effects on effective density, with p-values << 0.001. The standard deviation of massmobility exponents is 0.10 and 95% of effective density data points are within 21% of a
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trend line fit to all data. As can be seen from Figure 3.8, these differences in effective
density due to ethanol content and engine condition are very small. Mass-mobility
exponent was typically lowest at idle (2.29 – 2.43) and increased with load, although
13% load had exponents which fit inside the range of exponents observed at 26% load
(2.49 to 2.60). An increase in ethanol fraction decreased effective density as well as
mass-mobility exponent, except at idle. Effective densities observed here are similar to
GDI engines tested by Quiros et al. (2015) and Momenimovahed and Olfert (2015), and
mass-mobility exponents were also similar (2.3 to 2.5, and 2.61, respectively).
The contrasts in effective density seen at various loads while at 2250 RPM are likely
due to the different amounts of fuel being injected, resulting in unique mixing properties.
This may result in different levels of charge inhomogeneity and could ultimately dictate
the manner in which particles grow. Changes in effective density could be explained
with different primary particle sizes. Smaller primary particles will result in aggregates
which contain more open space than an aggregate comprised of larger primaries for a
given mobility-equivalent diameter. This would give a lower mass and effective density.
This agrees well with the density trends seen above, because the increase in density
with load may be explained by the fact that the larger quantity of fuel at high load does
not mix as well, resulting in locally rich regions in which primary particles are able to
grow larger. The addition of ethanol appears to limit this effect, and could be attributed
to the oxygen the ethanol molecule providing poorer conditions for soot nucleation.

55

Figure 3.8: Denuded effective density as a function of particle mobility-equivalent diameter for idle (a), 4%
load (b), 13% load (c), and 26% load (d). Three replicate measurements were taken for each point. Error
bars represent one standard deviation.

The effective density trends produced at idle are noticeably different from the other
three engine loads, having lower mass-mobility exponents and higher prefactors. This,
along with the fact that many engine parameters are different while at speed versus idle
(valve timing, ignition timing, etc.) suggest that idling results in dissimilar combustion in
comparison to operation at higher speeds.
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3.3.4

Mass Concentration

The SMPS scans were then combined with the number and mass volatile fractions
and effective density trend line parameters to calculate the mass concentrations of
volatile and non-volatile material. For a given engine condition and fuel, the mass
concentration of non-volatile PM was determined by multiplying the number size
distribution by particle mass and introducing the number and mass volatile fractions as
follows:
d𝑀

d𝑁

(dlog𝑑 )
m

non−volatile

= 𝐶U 𝑑m,U 𝐷m,U (dlog𝑑U ) (1 − 𝑓N )(1 − 𝑓m ) .
m,U

3.7

C is the prefactor for the mass-mobility relation, and can be determined from the
𝜋

effective density prefactor (𝐶 = 6 𝑘). 𝑓N and 𝑓m here are the averages of the sizesegregated fN and fm, respectively, as no dependence on size was observed. While this
equation calculates the mass distribution of denuded (purely non-volatile) particles, the
undenuded diameter and C value must be used (as indicated by subscript “U”).
Similarly, the internally mixed volatile portion is:
d𝑀

d𝑁

(dlog𝑑 )
m

internal volatile

= 𝐶U 𝑑m,U 𝐷m,U (dlog𝑑U ) (1 − 𝑓N )𝑓m .
m,U

3.8

The volatile mass concentration of externally mixed particles is,
d𝑀

𝜋

(dlog𝑑 )
m

external volatile

d𝑁

= 𝜌0 (6 𝑑m,U 3 ) (dlog𝑑U ) 𝑓N ,
m,U

3.9

where 0 is the density of the externally mixed volatile material assuming the
particles are spherical. As density of these particles is not explicitly known, it was
assumed they had a density of 1000 kg/m3. Since the fraction of externally mixed
volatile particles was relatively low, this assumption has little effect on the calculated
mass concentration.
An example mass distribution is given in Figure 3.9 using E0 at 4% load. The data
itself is plotted where possible (i.e. below 225 nm, the upper limit of the SMPS range).
An equation comprised of two log-normal distributions was fit to the mass data and is
used to extrapolate the mass distribution as shown in the figure. This was done in an
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effort to represent the mass distribution without missing a portion of the mass found at
larger mobility-equivalent diameters.

Figure 3.9: Mass distribution of volatile and non-volatile material at 4% load using E0.

The internally and externally mixed volatile mass concentrations can be combined
using the formula
d𝑁

𝑀volatile = ∑ (𝐶U 𝑑m,U 𝐷m,U (dlog𝑑U ) (dlog𝑑m,U )(1 − 𝑓N )𝑓m +
m,U

𝜋

3

d𝑁U

𝜌0 (6 𝑑m,U ) (dlog𝑑

m,U

3.10

) (dlog𝑑m,U )𝑓N ) ,

where 𝑀volatile is the total mass concertation of volatile material. The mass
concentration of non-volatile material (𝑀non−volatile) is determined as
d𝑁

𝑀non−volatile = ∑ 𝐶U 𝑑m,U 𝐷m,U (dlog𝑑U ) (dlog𝑑m,U )(1 − 𝑓N )(1 − 𝑓m ) .
m,U

3.11

The volatile and non-volatile masses for all fuel and engine conditions are displayed
in Figure 3.10. Because both fN and fm are similar between all engine conditions and
fuels, the volatile mass concentration tends to scale with number concentration seen in
Figure 3.7. Most differences between the two plots can be attributed to variations in size
distributions (GMD), which have a large effect on mass concentration. For example, the
number concentrations from idle and 13% load are similar, but between the two
conditions, idle has the lower mass concentration due to its lower GMD.
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Figure 3.10: Mass concentration of volatile and non-volatile PM. Error bars represent one standard
deviation in total mass concentration, black shading depicts volatile material and other shades are nonvolatile material.

3.4 Conclusion
Particulate matter from a GDI engine fuelled with ethanol blends has been
characterized by its volatility, size distribution, mass-mobility exponent, and effective
density. In general, particle number concentration increased with engine load, but idle
produced approximately the same number concentrations as 13% load. In terms of
mass concentration, the idle condition produced approximately the same as the 4%
load. Number and mass concentrations decreased with ethanol fraction, although E10
produced marginally higher number concentrations than E0 at idle and 26% load. Size
distributions were not log-normal and were skewed. Both the fN and fm were under 10
percent in all instances. Mass-mobility exponent ranged from 2.28 to 2.60. Ethanol
fraction and engine load were found to have statistically significant effects on effective
density. Ethanol fraction tended to decrease effective density and mass-mobility
exponent, except at idle. Effective density and mass-mobility exponent increased with
load, and no significant changes were observed in GDI soot after denuding particle
samples.
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It is clear that blending ethanol with gasoline may be an effective method of reducing
GDI particulate emissions. While some statistically significant changes in PM
morphology attributable to ethanol (i.e. reductions in effective density and mass-mobility
exponent) have been observed, these changes are relatively small and so particle
mitigation strategies used for GDI engines fuelled on pure gasoline may not need to be
adapted dramatically to suit engines fuelled on ethanol blends. Very little volatility has
been observed for this engine, and so a gasoline particulate filter would be a logical
next step if further reduction in PM output is desired.
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4. Conclusions
Particulate morphology and volatility from direct injection engines of differing sizes,
fuel types, and ignition methods has been studied, and while there are some clear
discrepancies between their respective PM characteristics, some similarities exist as
well. This section provides a summary of the research covered in the previous two
chapters, and will compare and contrast the results.
The GDI engine produced fewer particles as ethanol content increased, and the
HPDI engine had PM reductions from a decrease in EGR fraction and when the charge
was partially premixed. Both engines produced more particles at higher load, which is
expected from the larger amount of fuel being injected. At most conditions, both engines
produced low levels of internally and externally mixed volatile material. In the case of
the GDI, particles were sampled after the catalyst, so any volatile material present
beforehand would likely have oxidized before being measured. A topic for follow-up
work may be the effects of this catalyst on the PM. The HPDI engine was not fitted with
a catalyst, so low volatility was representative of engine-out conditions. The HPDI’s PM
volatility increased significantly at low loads (and for the premixed mode to some extent)
to the point where volatile material was the dominating constituent of internally mixed
particles. This may be explained by the fact that production of non-volatile material is
more sensitive to load, so a relatively invariable amount of volatile material represents a
larger fraction of the PM when low loads produce low amounts of non-volatile material.
While the level of volatility affects the effective density and creates some differences
between the undenuded PM of these two engines, the effective densities of inert
aggregates are similar. The mass mobility exponent of the trend line combining all HPDI
data is 2.45. If the same approach is applied to the GDI data and a single effective
density trend is created, its mass-mobility exponent is 2.46. The denuded effective
density trends from both engines have been plotted in Figure 4.1, along with data from
several other studies. A single trend line was fit to all data sets (mass-mobility exponent
of 2.49), and the shaded portion shows that 90% of data points have effective densities
within 27% of this trend. There is good alignment between engines, considering the
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differences in technologies and fuels. It is apparent however that the GDI densities are
generally lower than those from the HPDI engine. Diesel engines tested by Maricq et al.
(2004) and Olfert et al. (2007) produced effective densities which agree well with HPDI
data and are slightly higher than GDI densities. Park et al. (2003) found densities from
another diesel which are seen to be higher than most of the data depicted here, and
constitute some of the points which are not enclosed inside the shaded margin. Data
from Quiros et al. (2015) for both GDI and PFI engines is included as well. Their
effective densities are near the cumulative trend for most sizes, but are low at small
sizes. GDI results from Momenimovahed and Olfert (2015) are similar to the GDI results
obtained in this study, although their effective densities are slightly higher (and very
close to the overall trend line) at approximately 200 nm. As an approximate method,
average effective density trends such as this could be used to estimate PM mass
concentrations for a wide variety of vehicles with different types of engines and various
fuels.

Figure 4.1: Effective density trend combining data from multiple engine types. Shaded region of ±27%
encloses 90% of data points.
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Regarding mitigation, the presence of both volatile and non-volatile in significant
quantities from the HPDI engine suggests that a catalyst as well as a particulate filter
would be beneficial. Interestingly, the catalyst is primarily needed for low loads, but it is
here that exhaust temperatures are lowest and the catalyst may be less effective. While
temperatures are likely to stay above the effective lightoff temperature for PM,
strategies to heat the catalyst could be used, such as those discussed in chapter 1.
The GDI was equipped with a TWC, so any further reduction in emissions must
come from the installation of a GPF to remove non-volatile PM. As discussed above, it
is speculated that the TWC removes almost all volatile material; however the volatility of
the engine-out PM remains unknown. A future project may involve characterizing the
engine-out PM, and quantifying the effects of the TWC.
This research has elucidated the morphological and volatility properties of PM from
these direct injection engines, and has identified strategies for reducing their PM
emissions. This information can be applied to future vehicles and can contribute to the
development of new regulations. More efficient and sustainable transportation will lead
to a reduction of its impact on people and the environment.
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Appendices
Appendix A: Chapter 2 Supplemental Information
Description of Research Engine
Table A1: Single cylinder research engine specifications.

Base Engine
Bore, stroke, connecting rod length
Swept volume per cylinder
Compression ratio
Valves

Westport 15 L HD
137 mm, 169 mm, 261 mm
2.49 L
17:1
4 per cylinder; Maximum lift:
intake: 13.9 mm, exhaust: 14.4
mm

Air handling

Air compressor, back pressure
valve, charge heater / cooler,
cooled EGR

Injector

Westport Innovations J36
Injector

Injector hole number / angle

Diesel: 7 / 18o; Gas: 9 / 18o

Determining Mass Volatile Fraction through DMA-CPMA Measurements
The mass fraction of volatile material within a single particle (internally mixed
volatility) is defined as the mass of volatile material condensed on a particle divided by
the total mass of the internally mixed particle. The mass volatile fraction (fm) can be
calculated using the mass of a mobility-classified particle with and without the denuder
between DMA1 and the CPMA (Figure 2.2). This approach requires that the mass peak
corresponding to the internally mixed particles is correctly identified in the CPMA mass
spectra. This is potentially complicated if internally and externally mixed particles have
very different densities, resulting in multiple or broadened peaks. Fortunately, it was not
difficult to identify the correct peaks, as shown in Figure A1. The figure shows CPMA
mass spectra of DMA-selected particles (undenuded and using the same DMA and
CPMA resolution) of mode B75 20% EGR (low number volatile fraction) and B25 20%
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EGR (high number volatile fraction, ~45%). If the effective densities of the volatile
particles and the internally-mixed particles were significantly different, one would expect
to see two peaks or a broadening of the mass spectra for the case of B25 20% EGR.
However, the mass spectra of B25 20% EGR and B75 20% EGR have a single peak
and almost identical widths, meaning that effective densities of the volatile particles and
the internally-mixed particles in mode B25 20% EGR are almost identical. This would be
expected if the volatile material would contribute to most of the mass of the internallymixed particle. Given that these effective densities are almost the same, we can define
the mass volatile fraction of the internally mixed particles as the ratio of the volatile
mass on the particle divided by the total mass of the particle.

Figure A1: Normalized undenuded CPMA mass spectra from modes B75 20% EGR and B25 20% EGR
for DMA-selected mobility-equivalent diameters of 125 nm and 120 nm, respectively. In both cases the
resolution of the DMA and CPMA were 10 with respect to mobility and mass.
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Size Segregated Volume Volatile Fraction
In addition to the mass volatile fraction, internally mixed volatility can also be
expressed using the volume volatile fraction (fv). fv can be determined by calculating the
difference in volume between the undenuded and denuded particles and dividing it by
the undenuded particle volume, assuming spherical particles. The volume volatile
fractions as a function of mobility-equivalent diameter are plotted in Figure A2.
Because fv assumes spherical particles, its resemblance to fm is closest for particles
with larger mass-mobility exponents. The comparison between fv and fm is illustrated in
Figure A3 using the ratio of the two fractions. This ratio is nearest to unity for the
smallest mobility-equivalent diameters of modes B25 20% EGR and B37 20% EGR.
The high mass-mobility exponents and low number of primary particles lead to nearly
spherical aggregates and their mass and volume of volatile material will correlate well.
However as mobility-equivalent diameter increases, the aggregates become less
spherical and the agreement between the two volatile fractions is diminished, with fv
being smaller than fm. The low volatility of the higher-load conditions results in a
relatively large amount of uncertainty between fv and fm, as seen with modes B75 20%
EGR and B50 20% EGR which have ratios which range from approximate 0.5 to 2.
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Figure A2: Volume volatile fraction of exhaust particles. Error bars represent one standard deviation.
Mode B75 20% EGR at 45 nm was reproduced n = 2 times, and mode B25 20% EGR was reproduced n
= 5 times at 35 nm, n = 4 times at 50 and 65 nm, and n = 3 times at 90 and 125 nm.

Figure A3: Size segregated ratio of volume volatile fraction to mass volatile fraction.
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Summary of Transmission Electron Microscopy Analysis
Table A2: Summary of TEM image processing results.

B25 20%

B37 20%

B50 20%

B75 20%

B75 0%

A63 80%

EGR

EGR

EGR

EGR

EGR

Premixed

𝑁p

238

529

836

1373

729

824

𝑁agg

38

66

107

142

93

89

21.0

13.5

14.4

25.7

18.6

(±10.1)

(±4.1)

(±5.5)

(±7.8)

(±6.4)

80.9

56.3

76.6

123.3

82.1

(±53.4)

(±24.2)

(±48.8)

(±76.9)

(±52.6)

68.1

55

63.6

105.9

69.6

38.2

25.3

38.1

62.6

40.0

(±33.2)

(±13.4)

(±26.9)

(±45.6)

(±31.3)

3.00

3.08

7.93

14.58

12.12

(0.84,

(1.84,

(5.35,

(10.82,

(7.32,

5.17)*

4.31)

10.51)

18.35)

16.91)

0.44

0.37

0.14

0.12

0.10

(0.28,

(0.27,

(0.06,

(0.06,

(0.01,

0.6)

0.46)

0.21)

0.17)

0.19)

0.44

0.46

0.10

0.12

0.05

Mode

𝑑p (nm)
Mean 𝑑a (nm)

19.9 (±9.4)
95.0 (±80.9)

Geometric
mean

66.8

𝑑a (nm)
Gyration
radius 𝑅g (nm)

𝑘TEM

𝐷TEM
R2

50.0 (±52.1)
5.09
(3.35, 6.83)
0.28
(0.21, 0.36)
0.42

* Numbers in parenthesis for 𝑘TEM and 𝐷TEM represent 95% confidence intervals.
𝑁p and 𝑁agg are the measured total number of primary particles and aggregates,
respectively. 𝑑p and 𝑑a are the diameters of the primary particles and projected area
equivalent diameter of aggregates, respectively. Values shown in parenthesis for 𝑑p and
𝑑a are standard deviations of these parameters.
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Appendix B: Chapter 3 Supplemental Information
Number and Mass Volatile Fractions
The size-segregated number volatile fractions for fuels not shown in chapter 3 are
presented here. fN for E10 and E50 is displayed in Figure B1 and Figure B2,
respectively. Similarly, mass volatile fractions (fm) as a function of mobility-equivalent
diameter for E10 and E50 are shown in Figure B3 and Figure B4, respectively.

Figure B1: Size-segregated fN for all loads using E10 fuel.

Figure B2: Size-segregated fN for all loads using E50 fuel.
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Figure B3: Size-segregated fm for all loads using E10 fuel.

Figure B4: Size-segregated fm for all loads using E50 fuel.
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Appendix C: Conversion of New European Driving Cycle (NEDC) to engine
speeds and loads for determination of dynamometer test points
To choose relevant dynamometer set points, the New European Driving Cycle
UNECE, 2013) was converted to engine speeds and loads. Power required at each
second of the drive cycle was determined, and using the car’s gearing, the engine’s
speed and load throughout the test was computed. Engine speed can be related to the
vehicle’s driving speed as
⃑
𝑉

𝜔Engine = 𝑟 (𝑅A )(𝑅T ) ,
w

C.1

⃑ is the vehicle speed, 𝑅A is the axle ratio, 𝑅T is the transmission gear ratio, and 𝑟w
𝑉
is the wheel and tire assembly radius. This is computed as
𝑟w =

𝑑wheel
2

+ (𝑑tire )(𝑑side ).

C.2

𝑑wheel is the diameter of the wheel, 𝑑tire is the width of the tire, and 𝑑side is the
fractional thickness of the tire sidewall. Determination of engine load from a driving
cycle requires that the tractive power be calculated. This can be done using the
equation
⃑.
𝑃Trac = (𝐹Aero + 𝐹Rolling + 𝐹Inertia )𝑉

C.3

Here, 𝐹Aero , 𝐹Rolling , and 𝐹Inertia are aerodynamic drag, rolling resistance, and inertia
⃑ is the vehicle speed. The aerodynamic drag is equal to
forces, respectively. 𝑉
1
⃑2,
𝐹Aero = 2 𝜌𝐶d 𝐴𝑉

C.4

where 𝜌 is the air density, 𝐶d is the drag coefficient, 𝐴 is the vehicle’s frontal area,
⃑ is the vehicle speed. Air density is determined using the equation
and 𝑉
𝜌=

𝑃𝑀m
𝑅𝑇

.

C.5

𝑃 is the atmospheric pressure, 𝑀m is the molar mass of air, 𝑅 is the universal gas
constant, and 𝑇 is the air temperature. The rolling resistance force is equal to
𝐹Rolling = 𝐶rr 𝑚𝑔 .

C.6

𝐶rr is the rolling resistance coefficient, 𝑚 is the vehicle mass, and 𝑔 is the
acceleration due to gravity. The inertia force is
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𝐹Inertia = 𝑚𝑎 .

C.7

Here, 𝑎 is the longitudinal acceleration. The required engine load can then be
determined using the tractive power and the engine speed:
𝑃

Trac
𝑇Engine = (1−𝛼)𝜔

𝐸𝑛𝑔𝑖𝑛𝑒

.

C.8

Here, 𝛼 is the percentage of power lost in the powertrain. The values for the
constants used in these equations are listed in Table C1. Transmission ratios are shown
in Table C2.
Table C1: Constants used for engine load and speed calculations.
Dimensions are for 2009 Chevrolet Cobalt SS.

Air Temperature, T (K)

298

Air pressure, P (kPa)
Universal

Gas

Constant,

101.3
R

8.314

(kJ/kmol/K)
Molar Mass of Air, Mm (kg/kmol)

28.97

Drag Coefficient, Cd

0.34 (Edmunds)

Frontal Area, A (m2)

1.95 (Estimation)

Vehicle Mass, m (kg)

1360 (Edmunds)

Rolling Resistance Coefficient, Crr
Gravitational Acceleration, g (m/s2)
Wheel Size, dwheel (inch)

0.014 (Wong, 2001)
9.81
18 (EPA, 2008)

Tire Width, dtire (mm)

225 (EPA, 2008)

Fractional Sidewall Thickness, dside

0.4 (EPA, 2008)

Powertrain Losses, α

0.15 (Estimation)
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Table C2: Transmission and Axle
Ratios for 2009 Chevrolet Cobalt
SS.*

Gear

Ratio
(:1)

1st

3.58

2nd

2.02

3rd

1.35

4th

0.98

5th

0.69

Reverse

3.31

Axle

3.84

*Car and Driver
Alternatively, power required can be calculated by using the road load, as
determined by the EPA. This consists of three coefficients used in a quadratic
polynomial, which relates the vehicle’s speed (miles per hour) to resistive force (pounds
force). The equation has the form:
⃑ + 𝐹2 𝑉
⃑ 2 + 𝑚𝑎 .
𝐹Road Load = 𝐹0 + 𝐹1 𝑉

C.9

⃑ is the speed, 𝑎 is the vehicle’s acceleration, 𝑚 is its mass, and 𝐹0 , 𝐹1 , and 𝐹2
Here, 𝑉
are the coefficients determined by the EPA (EPA, 2008). These values are outlined in
Table C3.
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Table C3: Road Load Coefficients
for 2009 Chevrolet Cobalt SS.*

Constant

Value

F0

33.38

F1

0.4264

F2

0.01635

*EPA, 2008
When multiplied by velocity, the road load gives the required power. This value can
then be used in place of the tractive power from above.
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Appendix D: Determination of Particle Losses in Thermodenuder
Particle losses are incurred within the thermodenuder for two dominating reasons:
diffusion and thermophoresis. These losses were quantified so upstream concentrations
can be calculated. Alternatively, concentrations from the denuded line can be corrected
with respect to the bypass line. The particle losses are a function of the flow rate
through the denuder, so multiple flow rates were examined. The chosen flow rates were
those which could be achieved with either one or two CPCs operating at low or high
flow modes. Various configurations were used to achieve these flow rates and the
simplest configuration, that used for 0.3 L/min or 1.5 L/min is displayed in Figure D1.

NaCl and
Air

Thermodenuder

Dryer
Atomizer

DMA

Bypass

CPC
Figure D1: Experimental setup for thermodenuder losses at 0.3 L/min or 1.5 L/min.

Particles were generated by atomizing salt water then passing it through a dryer.
The particles were sent to a 3081 series DMA at which point a mobility-equivalent
diameter was selected. The resultant concentration was measured with a 3776 series
CPC as it exited the DMA. Concentrations were measured from the heated line as well
as the unheated bypass line.
Likewise, to achieve flow rates of 0.6 L/min and 1.8 L/min, a second CPC was
introduced. The CPC used to measure the concentrations was set to either its low or
high flow modes (0.3 L/min and 1.5 L/min), while the secondary CPC was set to low
flow mode. The setup can be seen in Figure D2.
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DMA

Atomizer

Bypass

CPC 1

CPC 2

Figure D2: Experimental setup for thermodenuder losses at 0.6 L/min or 1.8 L/min.

The transmission efficiency through the denuder, 𝜂denude , can be determined using
the ratio of particle concentration from the heated line (denuded, 𝑁denude ) to that of the
non-heated line (bypass, 𝑁bypass );
𝑁denude

𝜂denude = 𝑁

undenude

.

D.1

A sigmoidal trend was fit to the data. The trendlines have the form
𝐶

𝜂denude = 1+𝑒 −(𝐶21𝑑m −𝐶3) + 𝐶4 ,

D.2

where 𝑑m is particle mobility-equivalent diameter and 𝐶1 ,𝐶2 , 𝐶3 , and 𝐶4 are
manipulated parameters which control the sigmoid’s amplitude, horizontal stretch,
horizontal offset, and vertical offset, respectively. The transmission efficiency with
respect to the bypass line for 1.5 L/min is shown as an example in Figure D3.
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Figure D3: Size-segregated transmission in relation to bypass line for thermodenuder. Error bars are one
standard deviation.
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Appendix E: Determination of Dilution Ratio and Particle Losses in Diluter
To prevent condensation of water water droplets from engine exhaust, a Dekati DI1000 ejector diluter was used to lower the partial pressure of the water vapour in the
sample line. The dilution ratio must be determined to compensate for the associated
drop in number concentation. Moreover, the losses within the diluter must be
determined. A single stage of the diluter was used. The experimental setup used to
measure the dilution ratio is shown in Figure E1.

Dilution Air
Air Heater

Exhaust
CO2 Analyzer

10.3% CO 2,
Balance N2
Vent

Critical Orifice
and Vacuum Pump

Diluter and
Heating Jacket
Critical Orifice,Vacuum
Pump, and Valve

Figure E1: Experimental setup used for testing dilution ratio.

A bottle of CO2 (balance Nitrogen) was first tested with a Vetronix PXA-1100
exhaust gas analyzer, and found to have a CO 2 concentration of 10.3%. The bottle was
then connected to the dilution system. Dilution air with a known CO 2 concentration was
then passed into the system at 2 Bar (gauge). A variable flowrate of sample gas was
taken using two vacuum pumps. One pump pulled flow through a LI COR LI-840A CO2
analyzer at a constant rate of approximately 0.3 L/min using a critical orifice. The
second pump was also choked with a critical orifice: limiting its maximum flowrate. A
valve was adjusted to vary the total sample flow pulled from the diluter, to check that the
dilution ratio is relatively independent of sample flowrate. The dilution ratio (𝛽) can be
calculated using
𝜑 −𝜑

𝛽 = 𝜑1 −𝜑da ,
2

da

E.1
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where 𝜑1 is the upstream concentration of CO2, 𝜑2 is the downstream CO2
concentration, and 𝜑da is the CO2 concentration in the dilution air (Giechaskiel et al.
2009). The dilution ratio as a function of sample flowrate is displayed in Figure E2.

Figure E2: Dilution ratio as sample flowrate is varied.

A linear decrease is seen in dilution ratio as sample flow rate (QS) is increased.
Between approximately 1 and 10 L/min, the dilution ration varies by 0.13, or 1.5% of its
value. This change is sufficiently low, such that the dilution ratio is approximately
constant over the range in flowrate.
The diluter transmission efficiency was also quantified over a range of DMA (TSI
Inc., 3081 series) classified particle sizes. The dilution ratio was calculated using two
methods: the first was with measurements of the CO2 concentrations before and after
the diluter. The second method used mass flowrate measurements of the gas streams.
The CO2 method was performed once, then the bottle was substituted for dry, filtered
air. The flowrate method was performed for every particle loss data point. The
experimental setup for this section can be seen in Figure E3.

104

Makeup Air

Dilution Air
Air Heater
Exhaust

HEPA
NaCl and
Air

CO2 Analyzer
Dryer
Atomizer

DMA

Diluter and
Heating Jacket

CPC

Critical Orifice
and Vacuum
Pump

Figure E3: Experimental setup used for measuring PM transmission efficiency through diluter.

The CO2 bottle was connected to the DMA inlet. The DMA outlet mixed with a
filtered air stream so the diluter could achieve its natural inlet flowrate. DMA and
makeup air volumetric flowrates were measured with a Gillibrator bubble flow meter,
where the dilution air flowrate was measured with a wide-open analog mass flow
controller. The valve on the makeup air stream was adjusted so that the DMA aerosol
flow was 1.5 L/min.
A salt solution was atomized (TSI Inc., 3076 series) and passed through the DMA.
Mobility-equivalent diameters were selected, and their concentrations were measured
upstream and downstream of the makeup air and diluter using a CPC (TSI Inc., 3776
series). For each particle size, the DMA flowrate, makeup air flowrate, dilution air
flowrate, and internal DMA pressure were recorded. The dilution ratio (β) was calculated
from mass flowrates, using the equation
𝛽=

ṁDMA +ṁda +ṁmakeup
ṁDMA

,

E.2

where ṁDMA , ṁda , and ṁmakeup are the mass flowrates of the DMA, dilution air and
makeup air streams, respectively. The transmission efficiency through the diluter can be
calculated using the formula
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𝜂dilute =

𝑁2 𝛽
𝑁1

,

E.3

where 𝑁1 and 𝑁2 are the upstream and downstream particle concentrations
respectively. While the dilution ratios calculated from the CO2 method and flowrate
method were similar, the flowrate method was used for subsequent calculations
because it could be determined for each individual test. The PM tranmission efficiency
for the diluter is plotted in Figure E4. The highest losses occur at the smallest particle
sizes. Also of interest is the slight drop in transmission efficiency seen at the large end
of the size distribution. This could be attributed to impaction losses.

Figure E4: Relation between PM transmission efficiency and mobility-equivalent diameter for one diluter
stage.
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