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Particulate formation due to combustion of a wide range of ethanol-gasoline blends were investigated in
an internal combustion engine. The engine used for this study is a single-cylinder research engine, the
architecture of which is representative of a modern spark ignited direct injected (SIDI) engine. Instead
of direct injection, the engine was fueled using a premixed prevaporized (PMPV) mode, which supplied
the fuel to the engine in a well-mixed, gas-phase air-fuel mixture in order to isolate physical effects of the
fuel. This created a completely homogenous air-fuel mixture with no pockets of significantly differing
equivalence ratio, liquid fuel droplets, or wetted surfaces, ensuring that particulate formation was due
to homogenous, gas-phase combustion. The engine was operated at a fixed load and phasing so that
the effects of varying equivalence ratio and ethanol content could be examined. The results in this work
show that the addition of ethanol results in a consistent decrease in engine-out particulate proportional
to ethanol content. Moreover, the critical equivalence ratio, the equivalence ratio at which significant
sooting begins, increases in a linear fashion with ethanol addition. It was also shown that the shape of
the particulate size distribution (PSD) is affected by ethanol content, with increased ethanol leading to
more nucleation-mode dominated distributions.
� 2017 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Renewable energy standards in the US have positioned ethanol
addition to gasoline squarely into the long-term view. Currently,
gasoline in the United States contains up to 10% ethanol by volume
(E10); however, the United States Environmental Protection
Agency (EPA) has already begun allowing E15 to be sold to con-
sumers [1] and this allowance has opened the door for future
increases. With stricter particulate matter (PM) regulation in Eur-
ope and the US putting more focus on PM emissions from spark-
ignited (SI) engines, and increasing ethanol content in gasoline, it
is important to understand how ethanol blending influences the
sooting tendency of gasoline in a comprehensive way.

Engine-out PM emissions from ethanol-blended gasoline are
still not nearly as well understood as those for diesel or gasoline.
Most gasoline-ethanol PM research in the literature has focused
on low ethanol blend percentages (<20 vol.%). Laboratory flame
studies have concentrated on the formation of soot precursors.
Ethanol was shown to reduce aromatic species in an ethylene
premixed flame for concentrations up to 10% by mass [2–5].
However, in non-premixed ethylene flames it was found that
ethanol addition increased soot production for the same concen-
trations [6,7]. Salamanca et al. found similar increases in soot for
low concentration ethanol blends with ethylene in a counter-
flow diffusion flame but saw a decrease when the ethanol content
exceeded 20% by mass [8]. Similar results were found with higher
hydrocarbons. Rubino et al. found increased benzene in a counter-
flow diffusion propane flame with 10% ethanol addition by volume,
followed by a decrease when ethanol concentration was increased
to 15% [9]. Experiments with toluene, isooctane, n-heptane, and
gasoline showed similar trends [10–14].

The differences in laboratory flame results show that the effect
of small concentrations of ethanol will depend on the mode of
combustion: premixed or diffusion controlled burning. Conversely,
larger fractions of ethanol consistently show decreases in soot and
soot precursors. This has been attributed to both the dilution of a
more sooting fuel with less sooting ethanol [13,15,16], as well as
the chemical effect of the oxygen in the fuel reducing the available
pathways for soot formation [3,4,17].

Engine studies in the literature which include ethanol generally
have also focused on low ethanol blend percentages. Much like
flame studies, there is not always a consistent trend. Some studies



Table 1
Engine geometric parameters.

Parameter Value Unit

Bore 85.96 mm
Stroke 94.6 mm
Displacement 549 cm3

Compression ratio 11.97
Connecting rod length 152.4 mm
Intake valve open +350 CAD
Intake valve close �140 CAD
Exhaust valve open +150 CAD
Exhaust valve close �355 CAD
Intake/exhaust valve lift 9.9 mm

Table 2
Nominal engine operating parameters corresponding to EEE U = 0.98 baseline
condition.

Parameter Value Unit

Engine speed 2100 RPM
IMEPg 334 kPa
CA50 +8.0 CAD
Spark timing �25 CAD
Intake pressure 35 kPa
Exhaust pressure 101.5 kPa
Intake temperature 60 �C
Exhaust sample temperature 250 �C
Fuel pressure 9 MPa
Indicated power 3.2 kW
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showed little to no sensitivity to ethanol content up to 10% by vol-
ume, indicating that engine operating conditions played a more
critical role in reducing engine PM [18–20]. Price et al. showed lit-
tle change in PM for ethanol concentrations up to 30% but indi-
cated a large reduction for E85 [21]. Other work showed a
consistent decrease in PM with ethanol content [22–24]. In con-
trast, Catapano et al. and Di Iorio and coworkers indicated that
E50 and E85 made more particulate than neat gasoline [25,26].
Nearly all studies cite engine operation as a significant factor in
the results due to the operating condition’s effect on parameters
such as air-fuel mixture preparation, fuel vaporization, and wetting
of surfaces.

The purpose of this study is to examine the effect of ethanol
addition to gasoline on particulate formation in a spark-ignition
engine while minimizing the effects of mixture preparation and
engine operating condition. To accomplish this, a previously
reported operation method was utilized in which fuel was intro-
duced to the intake air stream far upstream of the engine [27]. This
method, called premixed prevaporized (PMPV) operation, ensures
that the fuel is completely premixed and prevaporized before
reaching the engine. Changes in fuel physical properties due to
ethanol addition can directly affect mixture preparation. By
premixing and prevaporizing the fuel in advance, the majority of
physical effects of the fuel can be removed. This allows for an
air-fuel mixture which is completely homogenous, eliminating
any pockets of significantly differing equivalence ratio, liquid fuel
droplets, or wetted surfaces which could easily occur under
direct-injection operation. Also removed is the effect of evapora-
tive cooling from the fuel which can create different in-cylinder
conditions. Thus, any soot formed in this operating mode can only
be attributed to the combustion of homogenously-mixed gas-
phase fuel components under comparable in-cylinder conditions.
Fig. 1. Experimental setup schematic showing the exhaust sampling system.
2. Experimental setup

2.1. Engine

The engine used for these experiment is a single-cylinder
engine which has been configured to be representative of a modern
spark-ignited direct injection (SIDI) engine. The cylinder head fea-
tures a 4-valve pent-roof combustion chamber with a centrally
mounted spark plug and a side-mounted fuel injector. Table 1 lists
the specifications for the engine. It should be noted that all engine
timings are listed with 0 crank angle degree (CAD) referenced to
top dead center (TDC) of the compression stroke, times before
TDC are negative and times after TDC are positive. In-cylinder pres-
sure was measured using a high-speed piezo-electric pressure
transducer (Kistler 6125C). An average of 50 cycles of measured
pressure was used to set the operating condition based on gross
indicated mean effective pressure (IMEPg) and location of 50%
cumulative heat release (CA50). Pressure data was acquired for
500 cycles and averaged. A MATLAB post-processor was used to
calculate cumulative heat release, heat release rate, and mass aver-
aged in-cylinder temperature.

For this work, the in-cylinder fuel injector was replaced with a
plug and was moved to a premixing chamber upstream of the
intake surge tank. As mentioned before, under PMPV operation,
fuel is injected far upstream of the intake such that it is premixed
and vaporized by the time it enters the engine. Complete vaporiza-
tion is verified by shining a laser through an observation window
just upstream of the engine. Laser light is scattered by any droplets
present, indicating the presence of liquid fuel. This method isolates
liquid fuel and spray effects from the particulate formation
process, enabling the investigation of fuel chemistry impacts on
PM, specifically the effect of the fuel-bound oxygen for
ethanol-gasoline blends. For all test conditions, the engine was
held at constant speed, load, and combustion phasing as listed in
Table 2.

2.2. Particulate sampling system

Engine out particle size distributions (PSDs) were measured
using a particulate sampling system composed of a dilution system
(Dekati FPS 4000) and a scanning mobility particle sizer (SMPS).
The SMPS utilizes an electrostatic classifier (EC, TSI model 3080),
a differential mobility analyzer (LDMA, TSI model 3081), and a con-
densation particle counter (CPC, TSI model 3010). A diagram of the
exhaust sampling system is shown in Fig. 1. Exhaust is sampled at
a location downstream of the exhaust surge tank. The dilution
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process is performed in two stages. The first uses filtered air heated
to 400 �C to maintain near isothermal dilution at the sample tem-
perature, which is approximately 250 �C, this is then followed by a
second stage dilution with filtered air at ambient temperature. The
total dilution ratio for these experiments was maintained above
30:1. After dilution, the EC and LDMA classify particles according
to mobility diameter (dm) in a range from 7 to 300 nm from the
diluted exhaust stream and sends them to the counter. A Horiba
6-gas emissions bench was used to measure undiluted gaseous
emissions: hydrocarbons (HC), carbon monoxide (CO), carbon
dioxide (CO2), nitrogen oxides (NOx), oxygen (O2), as well as
diluted CO2 which was used to determine the real-time dilution
ratio.

To measure particle mass, a centrifugal particle mass analyzer
(CPMA, Cambustion) was used. The mass was then correlated to
mobility diameter by measuring in combination with the SMPS.
Particles were selected based on mass by the CPMA before being
sent to the SMPS for mobility diameter classification. This method
is similar to the that which was performed in [28].
Table 3
Properties of gasoline and ethanol fuel.

Property EEE E100a Unit

RON 97.2 108.6
Lower heating value 42.8 26.9 MJ/kg
Density @ 293 K 0.744 0.789 kg/L
Boiling point T10 = 326 351 K

T50 = 377
T90 = 434

Heat of vaporization @ 298 K 349 931.1 kJ/kg
Reid vapor pressure 61.3 15.9 kPa
Aromatics 28 0 %
Olefins 2 0 %
Saturates 70 0 %
Hydrogen/carbon ratio 1.845 3
Oxygen/carbon ratio 0 0.5
Stoichiometric Air-fuel ratio 14.6 8.97

a Values given are for neat ethanol. Ethanol used in this study contained 3.27%
denaturant by volume.

Fig. 2. Sample pressure (a) and temperature (b) trace
2.3. Fuels

In this study, 2 base fuels were used: Tier II EEE gasoline and
denatured ethanol (E100, 3.27% denaturant), both supplied by Hal-
termann Products. These were splash blended to create 10, 20, 30,
40, and 50 vol.% blends of ethanol with gasoline (E10, E20, E30,
E40, and E50). The properties of the base fuels are shown in Table 3.
Maximum ethanol blend percentage was limited to 50 vol.%
because higher ethanol blends did not generate measurable partic-
ulate above the baseline level for the highest equivalence ratios
that could be tested.
3. Results

3.1. Matching of experimental conditions

For this work, the experimental results consist of equivalence
ratio sweeps at a fixed load (constant gross indicated mean effec-
tive pressure, IMEPg), fixed combustion phasing (constant CA50),
and fixed engine speed for each fuel. The goal is to isolate the
equivalence ratio change as the primary variable when performing
the experiments, such that the chemical sooting tendency of each
fuel blend can be assessed. Fig. 2(a) shows pressure traces for
selected EEE cases over a range of equivalence ratios. The trace
for each equivalence ratio represents the mean of 500 engine
cycles. The peak pressures are all within �5% of each other
(�1 bar) and the pressures at all other crank angles (CA) are also
within this tolerance. The pressure traces match well due to the
matching of load and CA50. Fig. 2(b) also shows the average bulk
temperature traces for the same conditions. It can be seen that
the bulk temperature decreases with enrichment. This decrease
is expected as the added in-cylinder mass for rich equivalence
ratios acts as a diluent. While there is a noticeable change in tem-
perature over the entire equivalence ratio range, as will be shown,
the difference in temperature over the equivalence ratio range
where the sooting threshold is crossed is relatively small. For all
fuels, the transition from non-sooting to sooting occurs over an
equivalence ratio change of less than 0.05. EEE is shown here but
all of the fuels tested followed this trend.
s showing load matched conditions for EEE fuel.



Fig. 3. (a) Raw SMPS scans for selected cases with mean and 95% confidence intervals shown. (b) Day-to-day repeatability for two selected cases with repeated data shown
with dashed lines.
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3.2. Experimental repeatability

Along with the matching of experimental conditions, care was
taken to minimize variables which could impact experimental
repeatability. Each data point consists of a minimum of 7 SMPS
scans taken while the engine operating conditions are held con-
stant. These scans are then processed to determine a mean and
95% confidence interval for the PSD. Two example data sets are
shown in Fig. 3, Fig. 3(a) illustrates typical scan-to-scan variability
and Fig. 3(b) typical day-to-day variability seen in these experi-
ments. In Fig. 3(a), the lower equivalence ratio case shown here
illustrates the increase in variability as the particulate concentra-
tion approaches the detection limit of the instrument. As the con-
centration increases, this variability reduces as can be seen in the
higher equivalence ratio case. Day-to-day variability, shown in
(b) of Fig. 3, for the data is similar. Here, two data sets taken weeks
apart are shown. There is some variation in the PSD, but largely the
shape and magnitude are repeated. Again, in the areas where the
instrument is near the detection limit, the variability is increased.
Fig. 4. Particle size distributions for EEE, E100, and all ethanol-gasoline blends
tested at the standard operating conditions with U = 0.98.
3.3. Confirmation of non-fuel baseline particulate level

Previous work by Hageman et al. [27] has shown that, for this
engine at a fixed operating condition (i.e., fixed engine load, speed,
and CA50), there is a minimum particulate level that is indepen-
dent of fuel type. The particulate was hypothesized to be due to
non-fuel sources such as engine oil and wear particles. It was found
that the particulate remained constant at this minimum level until
the equivalence ratio was raised beyond a threshold equivalence
ratio. This baseline particulate level was termed the non-fuel base-
line (NFB) and the enrichment level at which particulate increased
significantly above the NFB was referred to as the critical equiva-
lence ratio (Uc).

Fig. 4 shows size distributions for all of the fuels at a near sto-
ichiometric equivalence ratio. Each trace shown is the mean PSD
for that case with markers shown at every 10th data point. Error
bars shown represent a 95% confidence interval about the mean.
Fig. 4 demonstrates that there is no significant difference between
the different fuels under PMPV operation with an equivalence ratio
of 0.98. These results agree with the previous results of Hageman
et al., with the measured size distributions corresponding to the
NFB.

3.4. Effects of enrichment

At near stoichiometric equivalence ratios, all of the tested fuels
show the same PSD, which is indicative of the NFB mentioned pre-
viously. As the equivalence ratio is increased above stoichiometric,
a different behavior is displayed by each fuel. Figs. 5 and 6 show
the PSD results for each fuel at different equivalence ratios. For
easier visualization, across all of the plots, similar equivalence



(a) EEE (b) E10 

(c) E20 (d) E30 
Fig. 5. Particle size distributions for (a) EEE, (b) E10, (c) E20, and (d) E30 tested at various equivalence ratios.
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ratios are represented with the same color1/symbol and the same
y-axis scale range is used in all plots.

As can be seen in Figs. 5 and 6, the equivalence ratio at which
each fuel begins to make significant particulate over the NFB
increases with ethanol content. EEE begins to show a small
increase at U = 1.35, followed by larger increases with each equiv-
alence ratio step. Each fuel follows a similar trend, first there is an
1 For interpretation of color in all figures, the reader is referred to the web version
of this article.
increase in nucleation-mode particles (where nucleation-mode
particles for this work are defined as those with mobility diameter
(dm) < 30 nm), as the number of particles increases the diameter
where the distribution stops deviating from the NFB increases. At
sufficiently high equivalence ratios, an increase in particle number
relative to the NFB is seen at all mobility diameters within the
instrument measurement range. At high equivalence ratios, the
distributions shifts from being dominated by nucleation-mode
particles to being dominated by agglomerate-mode (synonymous
with accumulation-mode) particles with dm > 30 nm.



(a) E40 (b) E50 

(c) E100 
Fig. 6. Particle size distributions for (a) E40, (b) E50, and (c) E100 tested at various equivalence ratios.
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However, as the ethanol content increases, the behavior
changes slightly. For lower level ethanol blends, EEE through
E30, as the equivalence ratio increases the PSD shifts from
nucleation-mode dominated at low to middle equivalence ratios
to agglomeration-mode dominated at the highest equivalence
ratios. As ethanol content in the fuel is increased, the magnitude
of this shift lessens; for E20 and E30 this shift happens at much
higher U. E40 and E50 show no increase in particulate until
U > 1.50 and, while the level of larger particles increases at the
extreme equivalence ratios, a shift to larger particles is not as
pronounced as the lower fuel blends. In particular, there appears
to be a distinct change in the distribution shape for E40 and E50
with a distinct kink in the distribution appearing around 20 nm as
compared to the well round distribution seen for lower-level
blends. The E100 results, shown in Fig. 6(c), show no change in
particulate levels from the NFB for equivalence ratios up to
1.60. This result for E100 agrees with previous findings from
Hageman et al. [27].



Fig. 7. Indicated specific particle number for each fuel as a function of equivalence
ratio.

Fig. 8. Total particle concentrations normalized to NFB shown with 10� threshold
line.
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3.5. Determination of Uc

The particulate results were also examined to compare the total
number of particles produced by each fuel. The PSDs for each case
were integrated to produce a total concentration, the results of
which are shown in Fig. 7 on an indicated specific basis. Indicated
specific particle number (ISPN) relates the engine out particulate to
the amount of work performed by the engine. This metric is used
as it allows more direct comparison of particulate results between
different engine platforms. The total concentration is related to the
ISPN by
ISPN ¼ N _m

q _W
ð1Þ
q ¼ PSMPS

RexhTSMPS
ð2Þ
Table 4
Critical equivalence ratios by total number and total mass methods.

Fuel Number Uc Mass Uc

EEE 1.35 ± 0.02 1.38 ± 0.02
E10 1.39 ± 0.02 1.42 ± 0.02
E20 1.43 ± 0.02 1.46 ± 0.02
E30 1.47 ± 0.02 1.50 ± 0.02
E40 1.51 ± 0.02 1.54 ± 0.02
E50 1.55 ± 0.02 1.58 ± 0.02
where N is the total number concentration, _m is the total mass flow
rate out of the engine, and _W is the work performed by the engine
and q is the density of the exhaust sample. The exhaust sample den-
sity is calculated using the ideal gas law, where pressure and tem-
perature are taken to be the conditions at the SMPS inlet, and the
gas constant is determined using emissions measurements to calcu-
late an average molecular weight of the exhaust sample.

Upon initial inspection, it can be seen that all of the fuels in
Fig. 7 have similar ISPN at a stoichiometric equivalence ratio due
to all fuels being at the NFB. Differences in the ISPN at this condi-
tion are representative of the day-to-day repeatability of the mea-
surements. As U increases, each fuel shows an increase in total
number at an equivalence ratio that is unique for each fuel blend.
This equivalence ratio is the fuel’s critical equivalence ratio, Uc.
Once Uc for a fuel has been reached, the particle number increases
exponentially until it begins to asymptote at higher equivalence
ratios. This asymptotic behavior is believed to be due to the rate
of particle agglomeration approaching the rate of particle
inception. Interestingly, all of the fuels appear to approach a
similar maximum total particle number. Higher ethanol blends,
E40 and E50, appear to have slightly higher peak values due to
the higher number of nucleation-mode particles and reduction in
agglomeration-mode particles.

To determine the critical equivalence ratio, the total concentra-
tions are normalized by the NFB concentration. For this study,Uc is
considered to be reached when the normalized concentration
reaches a threshold set at 10 times the level of the NFB. The nor-
malized concentrations and the 10� threshold are both shown in
Fig. 8. To determine Uc, an exponential curve fit was applied to
the area where the normalized concentration rose exponentially;
the location where the fit crosses the 10� threshold was then
located. The use of a 10� threshold instead of extrapolation back
to the NFB, also used by Hageman et al. [27], is chosen here due
to the ease of application and the similarity of the values to those
obtained using extrapolation of the curves to the NFB. The critical
equivalence ratios determined using the 10� threshold method are
given in Table 4. The Uc determined using the 10� threshold
match the approximate values expected based on the PSD results
shown previously in Figs. 5 and 6. Gasoline (EEE) has the lowest
Uc followed by a steady increase in Uc with increasing ethanol
content.

The particle number increase in the region near the critical
equivalence ratio is very steep. This makes it difficult experimen-
tally to obtain more than a few points in this region. Alternatively,
the data can also be examined on a total mass basis using a mass-
mobility relationship to determine particle mass. Previous work
performed with researchers from Pacific Northwest National Labo-
ratories characterized the relationship between mobility diameter
and particle mass for particulate generated by this engine [29].
Data from that study for EEE and ethanol-EEE blends is shown in
Fig. 9. Mass measurements were performed using a centrifugal
particle mass analyzer (CPMA, Cambustion), while mobility diam-
eter was determined using the SMPS.

To ascribe a mass to particles of different mobility diameter, a
two part fit was employed. For particles below 30 nm, it was
assumed that the particles were spherical with a density of



Fig. 9. Particle mass-mobility relation derived from simultaneous particle mass and
mobility diameter measurements.
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2 g/cm3. Above 30 nm, the data shown in Fig. 9 was curve fit using
a least squares regression to the form

m ¼ CdDfm
m ð3Þ

where C is the proportionality coefficient and Dfm is the mass-
mobility fractal dimension. From the fitting process, the coefficient
C = 21.26 g/m2.395 and the mass-mobility fractal dimension
Dfm = 2.395.

Using the mass-mobility relationship and converting the PSD to
a particle mass distribution, the total particle mass can be obtained
and a similar normalization procedure, as was used for the total
number, can be applied. The result is shown in Fig. 10. Compared
to total concentration, total mass does not reach a maximum value.
Instead, mass continues to increase exponentially. For higher etha-
nol blend fractions, however, there still appears to be a slightly
decreasing trend in the rate of mass increase at higher equivalence
ratios. As was done for the total concentration, an exponential
curve was fit to the total mass data for each fuel in the region near
Uc, and the location of Uc was found using the 10� NFB threshold.
These results are also shown in Table 4 alongside the
Fig. 10. Total particulate mass normalized to NFB shown with 10� threshold.
number-based results. The mass-based Uc estimates show the
same trend as the number-based. However, the mass-based Uc

determination is always higher than the number-based result. This
is likely a ramification of the strong dependence of particle mass on
particle diameter. Small particles have very little mass, so the ini-
tial increase in nucleation-mode particles does not increase the
normalized mass as quickly as the normalized number of particles.
This results in a slight shift of the mass-based Uc to slightly higher
equivalence ratios.

The mass-based and number-based critical equivalence ratios
are plotted as a function of the ethanol vol.% in the fuel in
Fig. 11. The results show a remarkable linear dependence of Uc

on the ethanol vol.% in the fuel. Both curves were fit with lines of
the form Uc = aV + b, where V is the vol.% ethanol in the fuel. The
coefficients for the curve fits are given in Table 5. The slopes for
the mass-based and number-based curves are equal with mass-
based results being consistently 0.03 higher. The results indicate
that each% addition of ethanol to the fuel has the same effect of
increasing the critical equivalence ratio by 0.004. Assuming that
this linear trend continued up to 100% ethanol (100% denatured
ethanol in the current case), the critical equivalence ratio would
be 1.75 for E100 at the current engine conditions. This value is
�30% higher than the Uc for the baseline EEE gasoline. The results
suggest, that from a chemistry standpoint, ethanol containing fuels
always have a higher critical equivalence ratio for soot onset than
the base gasoline fuel they are blended with. Therefore, increased
particulate emissions observed in direct-injection engines for etha-
nol containing fuels are the result of fuel physical property impacts
on mixture formation.
3.6. Comparison at constant U

To better visualize the change in particulate with ethanol blend
percentage, Figs. 12 and 13 compare all fuels tested at constant
Fig. 11. Critical equivalence ratio for ethanol blends calculated using total number
concentration and total mass concentration methods.

Table 5
Coefficients from linear fit of form Uc = aV + b, where V is the vol.% ethanol, for the
curve fits to the critical equivalence ratio versus ethanol vol.% data shown in Fig. 11.

Mass Number

a 0.004 0.004
b 1.38 1.35



(a)  = 1.35 (b)  = 1.40 

(c)  = 1.45 (d)  = 1.50 
Fig. 12. Comparison of PSDs for ethanol-gasoline blends at equivalence ratios of 1.35–1.50.
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equivalence ratios for U = 1.35–1.70. Beginning with U = 1.35 in
Fig. 12(a), only EEE has begun to generate measurable particulate
relative to the NFB. At each successive step in equivalence ratio,
each fuel (in order of ethanol blend percentage) begins to rise
above the NFB. Blends containing 40 and 50 vol.% ethanol are the
last to reach their sooting threshold (of the blends tested, not
including E100), both showing a sudden increase in the window
1.50 <U < 1.55. Visualizing the particulate data in this way also
shows two additional trends: the consistent reduction in particu-
late and the shift in PSD shape with ethanol content. At each equiv-
alence ratio, a clear reduction in particulate level can be seen with
increasing ethanol for those PSDs which are above the NFB. This is
especially well illustrated at U = 1.55/1.60 where all of the fuels
are represented and a clear progression of particulate level with
ethanol content can be seen.

Also visible at the high equivalence ratio is the shift from an
accumulation-mode dominated distribution at lower ethanol
blends to a nucleation-mode dominated PSD for higher ethanol
blends. For fuels such as E40 and E50, the concentration of larger
particles does not reach the level seen at lower ethanol blends at
the equivalence ratios tested here. This trend is also seen when
comparing the geometric mean mobility diameter for all of the
conditions, shown in Fig. 14. The mean diameters for all of the fuels
remain between 10 and 20 nm until a significant fraction of



Fig. 13. Comparison of PSDs for ethanol-gasoline blends at equivalence ratios of 1.55–1.70.
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agglomeration-mode particles appear which is followed by a
reduction in nucleation-mode particles. This transition occurs
when the mean diameter is approximately 30 nm and is indicated
on the graph by the red dashed line. It can be seen that, for a given
equivalence ratio, the mean diameter decreases significantly with
ethanol addition. For higher ethanol blends such as E40 and E50,
the mean diameter does not increase significantly, even at the
highest equivalence ratios, due to the PSDs remaining
nucleation-mode dominated. It is possible that increasing the
equivalence ratio further would result in a similar steep increase
in mean particle diameter once sufficiently high equivalence ratios
are reached.
3.7. Comparison at constant C/O

Global equivalence ratio is the commonly used metric when
comparing the sooting tendency of different engine running condi-
tions. Generally, the higher the equivalence ratio is, the greater the
sooting tendency. However, the equivalence ratio does not take
into account the fuel-bound oxygen as the ratio moves away from
stoichiometric. As a result, the total amount of oxygen available for
oxidation is not truly considered. Conversely, the carbon-to-
oxygen ratio provides a comparison of the number of carbon atoms
in the mixture to the number of oxygen atoms available to oxidize
the carbon. For non-oxygenated fuels, this compares the fuel



Fig. 14. Geometric mean mobility diameter of ethanol blends at all equivalence
ratios.

Fig. 16. Comparison of PSDs for EEE and ethanol-gasoline blends at C/O = 0.50.
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carbon to oxidizer oxygen directly similar to equivalence ratio;
however, for oxygenated fuels, the oxygen in the fuel is included
to create a more representative metric. In previous sections it
was shown that fuels with a higher ethanol percentage produced
a much lower particle number despite having the same equiva-
lence ratio. This may not fairly assess the relative influence of fuel
bound oxygen and oxygen in the oxidizer (air), so the fuels were
compared again on a constant C/O basis.

Two C/O ratios were chosen for comparison: 0.48 and 0.50.
These were chosen such that each fuel would produce a sufficient
level of particulate to make any effects readily apparent. The cho-
sen C/O ratios also allows for all fuels, except E100, to be included.
The corresponding equivalence ratios for E100 are near 2.0 for the
C/O ratios of 0.48 and 0.5 which was too rich to achieve acceptable
combustion stability. Comparisons at higher C/O ratios would have
required prohibitively high equivalence ratios for the range of
ethanol blends tested.

Figs. 15 and 16 show the comparisons of ethanol blends up to
E50 for both C/O ratios. At both C/O ratios a distinct trend is seen
where the behavior of the fuels can be separated into two groups:
Fig. 15. Comparison of PSDs for EEE and ethanol-gasoline blends at C/O = 0.48.
EEE-E20 and E30-E50. For C/O = 0.48, all of the fuels have a similar
particle concentration at the smallest mobility diameter but the
concentrations of lower-level ethanol blends decrease more slowly
to NFB levels near 70 nm. On the other hand, higher ethanol con-
centrations decrease very quickly to the NFB, only showing signif-
icant particulate above the NFB for mobility diameters below
20 nm. At the higher C/O ratio of 0.50, the same dichotomy is pre-
sent. EEE through E20 all have PSDs of similar shape and magni-
tude, with particulate levels above the NFB up to about 200 nm
in diameter. Whereas, E30 to E50 all show a similar PSD shape with
particulate levels more quickly falling to the NFB by 70 nm.

Noting a similar level of particulate for all of the fuels at similar
C/O ratios, the normalized total number and mass results, previ-
ously shown versus equivalence ratio, were reexamined on a C/O
ratio basis. These are shown in Figs. 17 and 18. As can be seen in
the figures, converting to a C/O basis appears to collapse the data
to a single curve. This occurs for both the number and
mass-based comparisons. This indicates that, for a given C/O ratio,
a similar level of particulate number or mass could be expected
regardless of whether the oxygen was located in the fuel or
oxidizer. While Figs. 15 and 16 show differences in the PSDs for
Fig. 17. Normalized total particulate concentration for all fuels vs. C/O ratio.



Fig. 18. Normalized total particulate mass for all fuels vs. C/O ratio.

Fig. 19. Mean mobility diameter for all fuels vs. C/O ratio.
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different amounts of ethanol, in the region with the highest num-
ber of particles the PSDs are similar in magnitude. These differ-
ences, while noticeable, are of sufficiently small magnitude such
that the total number results are not significantly impacted. Figs. 17
and 18, while showing a definite general trend, are not able to
completely capture the differences in PSD behavior between the
different levels of ethanol blending.

Using a 10� NFB sooting threshold, just as was used to deter-
mine critical equivalence ratios for soot onset, the number and
mass-based critical C/O ratios were found to be 0.463 ± 0.065 and
0.467 ± 0.041, respectively. Similarly, when the geometric mean
mobility diameter is plotted versus C/O ratio for all of the fuels,
shown in Fig. 19, the data collapses again. As was noted previously,
when the mean mobility diameter exceeds �30 nm, agglomerate
particles will begin to dominate the PSD. Based on a linear regres-
sion, this threshold for agglomeration-mode occurs at C/
O = 0.525 ± 0.072. It is important to note that, while all of the fuels
reach the critical C/O threshold for both number and mass at
approximately the same location, the mean diameter crosses the
previously mentioned agglomeration-mode threshold much later.
4. Discussion

4.1. Matching of experimental conditions

In premixed flame studies, the addition of even small amounts
of ethanol has been shown to decrease soot and soot precursors.
The results of premixed combustion experiments in an IC engine
in this study show similar trends. For ethanol combustion, the
removal of carbon from the pathways which lead to soot produc-
tion has been cited as one of the primary reasons for its reduced
soot propensity. The CO bond in ethanol is strong enough under
certain conditions to survive combustion and result in carbon
monoxide formation, which does not lead to soot, potentially
removing up to half of the carbon in ethanol from soot forming
pathways [4,30].

Sooting propensity is strongly temperature dependent and tem-
peratures need to be matched to make direct comparisons of soot-
ing tendency. For the current work, the change in temperature over
the equivalence ratio range where the sooting threshold is crossed
is very small. Additionally, at matched equivalence ratio, or
matched C/O ratio, the changes are relatively small between fuels,
less than �100 K. To confirm this, the in-cylinder temperature
(determined using a single-zone ideal gas calculation) for each case
was averaged over the time spent in the temperature range where
1900 K > T > 1350 K and the results are plotted in Fig. 20(a). This
temperature range was chosen as it corresponds to the range of
temperatures where soot formation is most likely and occurs at
the highest rate in premixed flames [27,31,32]. The time over
which the temperature was in this range was also determined
and is plotted in Fig. 20(b). Aside from the stoichiometric cases,
which are far from the sooting threshold, the average temperature
for all cases are within 30 K of each other. At a given equivalence
ratio, the difference in average temperatures is <20 K. Furthermore,
the time duration in the critical soot formation temperature range
of 1350 K < T < 1900 K, where soot onset is most likely and the pro-
duction of soot is fastest, is similar (within about 1.5 ms at a given
equivalence ratio) for all of the fuels tested. Although the pressure
may be slightly different for a given temperature, the pressure
effect is thought to be closer to linear and less than the tempera-
ture dependence which is exponential [31].
4.2. Effect of fuel-bound oxygen

The addition of ethanol to gasoline in this study results in
steady decrease in soot production as demonstrated by the lin-
ear increase in critical equivalence ratio. A similar trend was also
seen when ethanol was added to gasoline turbulent spray flames
[13]. It has been argued in the literature that the reduction in
soot formation with ethanol addition is due to dilution, or the
replacement of a more sooting fuel with less sooting ethanol
[16,30]. However, work done by Kasper et al., Lemaire and
coworkers, and Pepiot-Desjardins et al. have shown that the
dilution effect of ethanol is only partly responsible for soot
reduction and that the fuel-bound oxygen also plays a role,
where the effectiveness of the oxygen is determined by both
the oxygenate and base fuel [13,33,34].

To further examine the effect of the fuel-bound oxygen, we
can make the assumption that the carbon which is already
bound to an oxygen is removed from the soot formation path-
way. This would leave only the unbound carbon available to
form soot. Let Cb and Oair be the moles of unbounded fuel carbon
injected per cycle and moles of oxygen in air per cycle, respec-
tively. The C/O ratio can now be expressed in terms of Cb and
Oair to determine if oxygen-bound carbon is being used to form
soot. As can be seen in Fig. 21, for a similar Cb/Oair ratio, ethanol



Fig. 20. Average temperature (a) and residence time (b) in critical sooting temperature range of 1350 K < T < 1900 K.

Fig. 21. Total particulate number (a) and total particulate mass (b) shown against modified C/O ratio, Cb/Oair, where Cb is the moles of unbounded fuel carbon injected per
cycle and Oair and moles of oxygen in air per cycle.
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blends produce higher particulate number and mass. In fact,
increasing ethanol content results in further increases in number
and mass. This indicates that oxygen-bound carbon is indeed
participating in soot formation pathways though it is difficult
to quantify to what extent. It was previously shown that com-
paring the results against a global C/O ratio was able to collapse
the data into singular curves, despite ethanol having at least
some carbon which does not participate in soot formation. This
could indicate that the soot-reducing effect of the oxygen-
bound carbon is not very substantial.
4.3. Carbon/oxygen ratio

Since equivalence ratio only compares the air-fuel mixture to
that of its stoichiometric counterpart with no consideration for
fuel-bound oxygen, it seems unable to adequately represent the
mixture’s actual stoichiometry. Conversely, the carbon-oxygen
ratio of the air-fuel mixture takes into account all of the carbon
and oxygen in the mixture. This metric has also been widely used
in the literature over the years to describe the sooting tendency of
fuels [35,36]. The results in this work further support that C/O ratio
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is an appropriate method to characterize the sooting tendency of
fuel-oxidizer mixtures, including oxygenated fuels, such as
gasoline-ethanol blends. C/O ratio appears to be a controlling
parameter for overall particle concentration, overall particle mass,
and mean mobility diameter, the latter of which can be used to
infer the characteristics of the PSD.

The results shown here suggest that having an equal amount of
carbon to oxygen between these air-fuel mixtures will produce
similar amounts of particulate; however, differences in the
particulate size distributions, with respect to ethanol content, are
still visible. As was seen in the C/O results, there was a distinct
change in PSD shape once the ethanol content reached 30%.
For C/O = 0.48, this resulted in only particles with dm < 20 nm
being produced at ethanol concentrations greater than 30%. At
C/O = 0.50, similar levels of nucleation-mode particles were
produced for all fuels but blends with more than 30% ethanol by
volume produced almost no large agglomerates. Similar results
were seen by Salamanca et al. in ethylene premixed flames where
ethanol addition appeared to reduce soot coagulation efficiency,
reducing larger diameter particulate while still having high
numbers of nanoparticles [2,8]. Lemaire et al. also found that soot
formed by gasoline-ethanol blends oxidized faster, further
reducing overall soot production [13]. This effect would appear
small at lower ethanol blends but become more prominent as
the overall carbon number in the fuel mixture decreases. In
simulations with n-heptane mixed with oxygenates, including
methanol, ethanol, dimethoxy methane, and dimethyl ether,
Curran predicted that soot precursors could be reduced to negligi-
ble levels when the oxygen weight percentage in the fuel reached
30%, regardless of which oxygenate was used [30]. This was
confirmed in experiments done by Miyamoto and coworkers
[37]. For ethanol-gasoline mixtures, this percentage does not reach
30% until ethanol content reaches �85% by volume; however, it is
evident based on the results shown here that there is measurable
soot reduction for even E20 blends, which contain just under 8%
oxygen by weight.
5. Conclusions

In this work, the relative sooting propensity of different ethanol
blends under completely premixed and prevaporized operation
was investigated. By operating the engine in this mode, the pres-
ence of liquid fuel in-cylinder was eliminated allowing the exami-
nation of soot production from gas phase sources. The results
shown here build upon premixed flame studies in the literature
and examine soot production from premixed combustion of
ethanol-gasoline fuels in an IC engine. To the authors’ knowledge,
this is the first study which examines the effect of ethanol on par-
ticulate formation in an IC engine over such a wide range of
ethanol-gasoline blends while removing the physical effects of
the fuel itself. This has allowed the examination of the chemical
effect of the fuel on particulate formation. The equivalence ratio
at soot onset, Uc, was shown to increase with ethanol content.
The results also show that, for the same equivalence ratio, increas-
ing the fraction of ethanol in the fuel will reduce particulate levels
in the engine exhaust. This result supports what has been seen in
the literature for premixed flame studies. As ethanol content
increases, the PSD changes from agglomeration- to nucleation-
mode dominated size distributions. At higher equivalence ratios,
this shift also corresponds to the change from an accumulation-
mode dominated distribution for low level ethanol blends to a
nucleation-mode dominated distribution at higher blends. Addi-
tionally, global C/O ratio appears to collapse the sooting propensity
of all ethanol blends. Blends at equivalence ratios which have a
similar C/O ratio produce similar levels of particulate, although
the size distributions can be noticeably different depending on
the ethanol content. These results imply that higher levels of par-
ticulate formation from typical DI combustion are attributable to
pockets of significantly higher equivalence ratios, possibly
diffusion-limited combustion, which can arise from liquid fuel
sources. This is especially true when ethanol makes up a significant
volume fraction of the fuel. In the future, the results shown here
may be used to make more informed hypotheses regarding in-
cylinder particulate formation under direct-injection operation.
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