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Gasoline Direct-Injection Engines
Spark ignition engines burning gasoline

Fuel injected directly into cylinder (as in diesel engine)

Improved efficiency, but emissions can be worse

About ½ of engines
sold in US

4http://www.climatetechwiki.org/
technology/ice_improvements



Renewable Biofuels
Fuels produced from agricultural biomass

Potentially lower life-cycle greenhouse gas emissions

Frequently contain
oxygenated
hydrocarbons

Potentially lower
soot emissions
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Sooting Tendencies
Material property that characterizes chemical tendency of

a fuel to form soot

Simple
measurement
that can be
used to identify
most promising
biofuels
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Yield-Based Sooting Tendency

Sooting tendency ~ maximum soot concentration fv,max

Yield Sooting Index (YSI) = A fv,max + B
A, B chosen so that YSI(hexane)=0 and YSI(benzene)=100

test compound, 0.5 % by mass
methane, 40 % by mass
nitrogen, balance

measure maximum soot concentration fv,max
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Soot Emissions Index
Relates relative engine emissions to fuel properties

e.g., Particulate Mass Index (PMI), Aikawa et al. 2010

PMI = (DBE + 1) / Pv(443 K)

DBE = double bond equivalent = (2*C + 2 – H)/2

Cannot account for presence of oxygen in the fuel

We are exploring a modified PMI based on YSI

SEI = (YSI + α) / Pv(443 K) 8



Related Presentations Tomorrow

9:50, 3K03, Matthew Montgomery

“Analyzing the robustness of YSI as a measure of sooting
tendency”

10:10, 3K04, Dhrubajyoti Das (collaboration with NREL)

“Measurements and prediction of sooting tendencies of
pure hydrocarbons”
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Engine Measurements at NREL

Ratcliff et al., SAE Int J Fuels Lubr 9(1):2016

Particulate mass and number measurements for modified
GM Ecotoc 2.0 L LNF-series engine

Fuels = gasoline
mixed with
promising biofuels
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kPa is shown in Figure 11. The strong correlation is expected for 
particles that are predominantly elemental carbon, accumulation-
mode particles [22,23].

Figure 9. PN concentrations at the high speed, high low condition (error bars 
are 95% confidence interval, legend same as Figure 8).

Figure 10. PN size distribution for 2,500 rpm-1,300 kPa NMEP (log-log plot, 
error bars are 95% confidence interval).

Figure 11. Correlation between PM-mass and PN concentrations for all fuels 
at 2,500 rpm-1,300 kPa NMEP.

Figure 12 shows the correlation between PM-mass concentration and 
PMI, while Figure 13 shows the correlation between PN 
concentration and PMI. For most fuels there was good 

correspondence of PM-mass and PN emissions with PMI; however, 
in both cases results for 2,4-xylenol and 2-PE were not included in 
the linear regression as they fall significantly away from the trend for 
the other fuels, emitting less PM than predicted by PMI. The lowest 
PM-mass and PN emissions were observed for E50, which also had 
the lowest PMI (0.58) and the highest fuel oxygen content. E25 and 
Sunoco GTX each have PMIs between those for the base gasoline 
and E50, and their PM-mass emissions fall in between, as expected.

Isobutanol and DMF slightly increased PM-mass and PN over the 
base gasoline at 2,500 rpm-1,300 kPa despite having slightly lower 
PMIs (0.92 and 1.0, respectively), which may simply reflect small 
measurement errors in both PM emissions and in the parameters used 
to estimate PMI. However, higher isobutylene emissions have been 
measured from an isobutanol-gasoline fueled vehicle, so it is possible 
that in-cylinder isobutylene formation contributed to molecular 
weight growth and therefore to PM [49]. In the case of DMF, once 
the furan ring opens, reactive olefins are likely produced, which 
similarly may lead to molecular weight growth.

Figure 12. PMI correlation with PM-mass from 2,500 rpm-1,300 kPa NMEP.

Figure 13. PMI correlation with total PN concentration from 2,500 rpm-1,300 
kPa NMEP.

Ratcliff et al / SAE Int. J. Fuels Lubr. / Volume 9, Issue 1 (April 2016)
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Objectives of This Study

Measure YSI’s for fuels identical to those studied by
Ratcliff et al.

Compare YSI’s and soot emissions indices based on them
to the engine emissions measurements
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LSSR Diagnostic
LSSR = line-of-sight spectral radiance, measured at 660

nm with photomultiplier tube

YSI = 100

12

LSSR(test cmpd) – LSSR(hexane)

LSSR(benzene) – LSSR(hexane)



Fuels
Sample of gasoline obtained from Matt Ratcliff (NREL)

Biofuels; added to gasoline at 10 to 26 weight per cent

ethanol isobutanol

2,5-dimethylfuran anisole

4-methylanisole 2,4-xylenol

2-phenylethanol p-xylene

p-cymene 13



Ethanol/Gasoline Mixtures

Ethanol addition linearly reduces YSI

isoPrisoPr

isoPr
perhydrophenanthrene 1,3,5-triisopropylcyclohexane
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Base
Gasoline



p-Cymene/Gasoline Mixtures

P-Cymene addition linearly increases YSI

isoPrisoPr

isoPr
perhydrophenanthrene 1,3,5-triisopropylcyclohexane
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Base
Gasoline



Engine Emissions Data

Ratcliff et al., SAE Int J Fuels Lubr
9(1):2016

Focus on mass data; particle
mass and number were correlated

Focus on highest soot load conditions
(2500 rpm, 1300 kPa NMEP)
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the E25 blend may explain the enhanced KLSA performance of this 
fuel. Another factor may have been reduced knock resistance from 
2,4-xylenol for the same reasons postulated for 2-PE, given the 
similarly high boiling point of this molecule.

Figure 7. 1,500 rpm NMEP vs. spark advance to ∼KLSA for 2,4-xylenol, E25, 
and E50 blends. E25 KLSA was 24.3° BTDC; E50 was not knock-limited.

Particle Emissions
Figure 8 shows the PM-mass results for all three speed-load 
conditions. The E10 fuel data were anomalous and discarded from the 
particle emission results because of suspected fuel cross-
contamination from the engine lube oil. At the lowest load condition 
(bottom panel), PM-mass concentrations are very low and it is 
difficult to discern differences between fuels. PM-mass emission 
levels at this condition may be below or only slightly above the 
detection limit of our measurement system for most fuels. 
Nevertheless, the PM-mass emissions from the p-xylene control fuel 
and 4-MA were clearly higher than from the base gasoline, as 
expected from their higher PMIs. More differentiation is apparent at 
the intermediate load (center panel), but at 2,500 rpm-1,300 kPa 
NMEP PM-mass emissions are 2 to 10 times higher. Here, fuel effects 
are evident with significantly higher (statistical p-value < 0.01) 
emissions observed for fuels spiked with aromatic/low vapor pressure 
components (components with high PMI) relative to the base 
gasoline. The fuel effects on engine exhaust total PN concentration 
can be seen in Figure 9 for the 2,500 rpm-1,300 kPa NMEP 
condition. The error bars represent the 95% confidence interval. As 
was the case for the PM-mass results, PN emissions showed much 
higher emission levels than from the lower load points, and generally 
revealed the expected trends of higher emissions (p < 0.01) with 
higher PMI fuels relative to the base gasoline.

Particle size distribution plots are displayed on a log-log chart. The 
x-axis of particle diameter is fairly straightforward but the y-axis of 
PN dN/dlogDp is not. The FMPS measures particles in the size 
ranges from 5.6 to 560 nm. This range is split into 32 channels or 
bins. The smallest diameter size bin counts particles with a nominal 
or midpoint size of 6.04 nm and the bin boundaries are roughly 0.5 
nm above and below that. The largest diameter size bin counts 
particles with a nominal midpoint diameter of 523.3 nm and the bin 
ranges roughly 40 nm above and below that. The bin for the largest 
diameter particles is roughly 80 times wider than the smallest bin. 

Because we are reporting the number of particles that fall within each 
bin, the result would appear that there are 80 times more particles in 
the largest bin than in the smallest bin because it is 80 times wider. To 
overcome this problem, the particle number is normalized by the 
width of its respective bin. The particle count is roughly divided by 1 
for the smallest bin and 80 for the largest bin so that it shows a more 
representative distribution of particle count across the size range for 
each channel.

Figure 8. PM-mass concentration (error bars are 95% confidence interval).

Examination of the data in Figure 10 for operation at 2,500 rpm- 
1,300 kPa shows very similar size distribution for all fuels with a 
nucleation mode centered at about 10 nm and accumulation mode 
centered at 60 to 70 nm. The data are generally consistent with the 
total PN results; for example, the E50 blend showed the lowest 
PM-mass and total PN emissions, consistent with the much lower 
level of particles in the accumulation mode. The correlation between 
particle number and particle mass concentrations at 2,500 rpm-1,300 

Ratcliff et al / SAE Int. J. Fuels Lubr. / Volume 9, Issue 1 (April 2016)
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Engine Emissions vs YSI

Some correlation, but significant outliers

isoPr

1,3,5-triisopropylcyclohexane
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Engine Emissions vs YSI/Pv

Including volatility improves correlation for some fuels

isoPr

1,3,5-triisopropylcyclohexane
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Summary

We are exploring a Soot Emissions Index based on the
volatility of the fuel and its chemical tendency to form
soot as characterized by its YSI measured or predicted
with NREL model

Preliminary results suggest that this is a promising
approach for predicting relative emissions from engines
and screening potential biofuels
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