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ABSTRACT: Gasoline direct injection (GDI) engines have become popular in transportation sector off late and may possibly
substitute diesel engines for various applications because of their superior power output and higher thermal efficiency. In this
study, a single-cylinder, wall-guided GDI engine was investigated for its emission characteristics using a stoichiometric alcohol−
gasoline mixture (gasohol) and air at 2000 rpm engine speed and 2.5−8.5 bar indicated mean effective pressure (IMEP).
Gasoline blended with 15% (v/v) ethanol (E15), gasoline blended with 15% (v/v) methanol (M15), and gasoline as baseline fuel
were the test fuels investigated for particulate matter (PM)/particulate number (PN) emissions in homogeneous charge mode of
the GDI engine. The particle size number distributions were determined using an engine exhaust particle size analyzer (EEPS
3090, TSI) at two fuel injection pressures (FIPs, 80 and 120 bar). It was experimentally determined that FIP played a vital role in
the fuel−air mixture preparation and affected particulate emissions significantly in a GDI engine. Particulate size-number, size-
mass, and size-surface area distributions were reported for these test fuels under identical load conditions. PN emissions were
quite high at lower IMEPs. It decreased at intermediate IMEP but increased at the highest IMEP tested. A trade-off between PM/
PN was also observed. The experiment demonstrated that there is a need to control PM/PN emissions from a GDI engine in
order to meet stringent emission norms. The count mean diameter gave clear statistical information that smaller particulate offers
relatively higher surface area per unit mass of particulate, leading to higher adsorption of toxic compounds, making it possibly
more toxic.

1. INTRODUCTION

Gasoline direct injection (GDI) engines are superior to
conventional multi-point port fuel injection (MPFI) engines
because of their inherent advantages, such as superior power
output, greater fuel economy, lower emissions, smoother
operation, and ability to accommodate alternate fuels.1

Particulate matter (PM) emissions from GDI engines pose
serious concerns as a result of various health issues associated
with them.2−5 PM emissions are the most important negative
aspect of internal combustion (IC) engines, especially GDI and
compression ignition (CI) engines. Figure 1 shows the zones of

human respiratory system affected by various sized PM. These
PM emissions affect human health adversely6 because they
penetrate deep into the respiratory system (nasopharynx,
trachea, bronchii, bronchioles, and alveoli)7,8 during inhalation
and contaminate it with toxic substances as they travel
downstream (Figure 1). As PM size becomes smaller, the

severity of their health impact increases because of the
increased surface/volume ratio. Finer particles penetrate deeper
into the lungs (Figure 1) and can eventually cross the cellular
membranes9 and finally enter the bloodstream. PM10 is largely
filtered out in the nostrils, throat, and bronchial tubes. Some
part of the PM2.5 can, however, penetrate the bronchial tubes,
and PM0.1 can even reach up to the alveoli and invade the
bloodstream. A few important health issues, which may lead to
premature death,10 as a result of PM emission include asthma,
irregular heartbeats, decreased lung function, non-fatal heart
attacks, and severe coughing. Hence, there is a need to
understand reasons for PM formation in the engine and their
effects on public health, using alternative fuels in an engine and
ultimately control the PM formation.
Researchers are working across the globe to meet stringent

emission norms from GDI engines, especially the PM
emissions.11−14 Fuels for GDI engines are constantly evolving
over time because of scientific and economic needs of the
society.15−17 Soot is mainly formed in the engine combustion
chamber by partial or incomplete combustion. Pyrolytic
reactions occurring in the absence of oxygen produce pyrolyzed
hydrocarbon (HC) compounds, such as ethyne. This acts as a
precursor for formation of polycyclic molecules (ring or
aromatic compounds), which ultimately lead to the formation
of particulate. Yinhui et al.18 investigated primary particulate
emissions, including mass, number, size distributions, etc., from
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Figure 1. Journey of engine exhaust particulate into the human
respiratory system.
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a GDI engine fueled with gasoline−alcohol blends. They
reported that 10% (v/v) ethanol blended with gasoline
increased particulate emissions at low loads. The higher the
aromatic content of the gasoline, higher were the PM/
particulate number (PN) emissions. Reducing the olefin
content in gasoline reduced the PM and PN emissions at
higher loads. Wang et al.19 compared the impact of ethanol and
gasoline on PM emissions in a single-cylinder GDI research
engine and reported that ethanol yielded lower PM emissions
because of its relatively higher volatility and oxygen content.
They reported that, as a result of higher atomization and fuel
injection pressure, particulate emissions decreased. A trade-off
between PM and PN emitted from GDI engine was also
observed, irrespective of the test fuel used. Cho et al.20 reported
that emission characteristics of a GDI engine were significantly
influenced by blending ethanol with gasoline. Ethanol (20%)
blended with gasoline reduced PN emissions by up to 96%.
The authors also reported that both higher fuel injection
pressure (FIP) and higher ethanol concentration blended with
gasoline reduced the PN emissions. Lue et al.21 investigated the
effect of ethanol−gasoline blends on PM/PN from a GDI
engine and reported that ethanol−gasoline blends (gasohols)
increased the PN concentration at lower loads and vice versa at
higher loads. Wang et al.22 also investigated particulate
emissions from a GDI engine equipped passenger car,
operating under the New European Driving Cycle (NEDC).
They reported that gasohols reduced tailpipe PM emissions by
33.2−40.2%. Vancoillie et al.23 experimentally evaluated
potential emission reduction benefits by blending methanol
with gasoline and reported that methanol could be used as an
alternative fuel with efficiencies similar to diesel engine,
however, with relatively lower emissions than gasoline in a
GDI engine. Chen et al.24 reported that an increase in ethanol
addition to gasohol led to an increase in both PM/PN
emissions from a cold engine. Lattimore et al.25 reported that
butanol blended with gasoline was an effective way to reduce
PN emissions. They concluded that among (i) 20% (v/v)
ethanol blended with gasoline (E20), (ii) 20% (v/v) butanol
blended with gasoline (Bu20), and (iii) baseline gasoline, Bu20
showed the best potential to reduce PM emissions and also
exhibited the best combustion characteristics.
European emission legislation for PN imposes a limit on the

GDI engine cars to emit <6 × 1012 particles/km [World
Economic Forum (WEF)]. This legislation would become
more stringent from September 2017, and the PN limit would
be further reduced to <6 × 1011 particles/km.26 Optimized FIP,
fuel injection timing, and use of alternative fuels have the
potential to reduce PN emissions, which, in turn, will be less
harmful for public health. FIP also exhibits a significant effect
on regulated gaseous emissions, such as HC, oxides of nitrogen
(NOx), and carbon monoxide (CO). Zhang et al.27−29 used a
selective catalytic reaction system to reduce NOx emissions
from a diesel engine. Price et al.30 investigated the effect of
blending alcohol with gasoline on particulate emissions (PN
and PM) and HC emissions from a GDI engine. Authors also
plotted distillation curves for M30, E30, M85, E85, and
gasoline. It was found that, for rich mixtures, the number of
accumulation mode particles reduced and the number of
nucleation mode particles increased in oxygenated fuels.
Among test fuels, E85 exhibited the lowest PN emissions.
Unleaded gasoline, E30, and M30 showed similar trends;
however, the highest PN emissions were measured for M85.
Particulate size distribution was highest for M85 and gasoline

showed the smallest size accumulation mode particles amongst
all test fuels. As the fuel injection timing was retarded,
accumulation mode particles increased for unleaded gasoline
and E30. However, for M30, M85, and E85, PM emissions were
almost identical. The higher was the evaporation rate of test
fuel, the lower was the possibility of fuel droplet striking on the
piston top and the cylinder walls. Compression also enhances
the evaporation rate of the fuel droplets.
In Europe and the U.S.A., GDI engine technology continues

to capture an increasing share in the automotive segment. The
GDI engines have to comply with upcoming stringent emission
norms (Euro 6c) without altering the current engine
technology. In such a scenario, gasoline particulate filters
(GPFs) in the after-treatment systems are considered to be an
enabling technology for achieving desired PM and PN emission
reduction.31−33 GPF development has been investigated in a
number of studies.34−36

In this study, comparative evaluation of 15% (v/v) ethanol
and methanol blended with gasoline (E15 and M15,
respectively), i.e., gasohols for PM and PN emissions, has
been performed under steady-state engine operating condition
in homogeneous charge mode in the GDI engine at two FIPs
(80 and 120 bar) and five engine loads. This study provides
valuable insights of particulate size-number, size-mass, and size-
surface area distributions for engine loads varying from 2.5 to
8.5 bar indicated mean effective pressure (IMEP), while using
gasohols. Count mean diameter (CMD) of particulate was
calculated from the observed particulate characteristics, which
gave very clear statistical information on the PN emissions with
increasing engine load. Engine performance characteristics and
regulated gaseous emissions, such as total hydrocarbons
(THCs), CO, and NOx, were also measured for all test fuels
and test conditions.

2. EXPERIMENTAL SECTION

Fuel properties play a critical role in determining overall emission
characteristics. Table 1 shows various fuel properties of gasoline and
alcohols.

The experimental setup consists of a 500 cc, single-cylinder GDI
research engine (HMC Seta 0.5 L, Mobiltech), which delivered a rated
torque of 30 N m at 2000 rpm. Specifications of the test engine are
given in Table 2. The test engine was coupled with a 36 kW transient
AC dynamometer (6-2013, Dynomerk Controls). Figure 2 shows the
schematic of the experimental setup. An optical crank angle encoder
(365C, AVL) was attached to the crankshaft, which delivered 720
pulses in every revolution. This encoder was attached to a four-
channel, high-speed combustion data acquisition and analysis system
(Indi-micro, AVL) through a signal conditioning unit (365-C, AVL).
An indicating spark plug (ZI31_Y5S, AVL) was mounted on the
engine cylinder head, and its output of in-cylinder pressure signals was
provided to the combustion analyzer, via an in-built charge amplifier.
Two surge tanks, one each for inlet and outlet, were attached to the air
inlet and exhaust from the engine. The function of these surge tanks
was to dampen the oscillations created by pulsations as the air was
sucked/exhausted in one of the four strokes of the engine cycle. A fully
programmable open electronic control unit (ECU; m400, MOTEC)
was attached to the GDI engine, and it controlled the fuel injection
timing, spark timing, and injector pulse width, depending on the
operational requirement. The injector peak and hold driver (ZB-
5100G, Zenobalti) was attached to the engine through the open ECU,
which received trigger signal from the optical encoder.

An engine exhaust particle sizer (EEPS-3090, TSI Inc.) was used for
particulate size-number, size-mass, and size-surface area distributions
of the soot emitted from the test engine. In addition, engine oil,
coolant, and fuel conditioning units (fuel system compact, AVL) were
connected to the test engine. Regulated gaseous emissions, namely,

Energy & Fuels Article

DOI: 10.1021/acs.energyfuels.6b02877
Energy Fuels 2017, 31, 4155−4164

4156



CO and NOx, were measured using the non-dispersive infrared
(NDIR; MEXA-584L, Horiba) analyzer, and THCs were measured
using a hot flame ionization detection (HFID) analyzer (MEXA-
1170HFID, Horiba). The response time of the detector was <±1.5 s
for switching between zero line and span line for calibration, and its
repeatability was <±1.0% of the full scale.

Experiments were performed on the GDI engine fueled by M15,
E15, and baseline gasoline (G100). For each test fuel, exhaust gas
samples were drawn from the engine tail-pipe after steady-state
condition was achieved. To achieve a thermally stable condition, the
test engine was operated at a particular load/speed combination for 10
min prior to measurements.

Technical specifications of particulate measurement system (EEPS)
are given in Table 3. EEPS has the ability to measure particle sizes

ranging from 5.6 to 560 nm with a maximum concentration of 108

particles/cm3 of exhaust. It has a size resolution of total 32 channels.
Because the PN concentration in raw exhaust emitted from the GDI
engine was much higher than the measuring range of EEPS, raw
exhaust was diluted 560 times using sheath air supplied by a rotating
disk thermodiluter (MD19-2E, Matter Engineering AG). Thus, the
concentration of particles in diluted exhaust comes in the measurable
range, and these values were later multiplied by the dilution factor, to
obtain the concentration of PM emanating from the engine tailpipe.

Measurements were taken for 60 s at a frequency of 1 Hz at each
test condition. The graphs presented in the Results and Discussion
section were drawn from an average data set of 60 measurements, and
the error bars were shown corresponding to the standard deviation of
a particular data set. The entire measurements were performed
according to Indian Standard IS/ISO 8178-4.37 The particulate size
number distribution was calculated using the following formula:

φ

η
=n

c

tQ

Table 1. Test Fuel Properties

fuel property unleaded gasoline ethanol methanol

molecular formula C4−C12 C2H5OH CH3OH

adiabatic flame temperature
(°C)

2138 1920 1870

boiling point
temperature/range (°C)

25−215 78.4 64.5

cetane number 15 8 3

density at 20 °C (g/cm3) 0.745 0.79 0.796

flammability limit (vol %) 7.6 3.3−19 36

flash point (°C) from −45 to −38 8 12

hydrogen content (wt %) 13.59 13.1 12.5

kinematic viscosity at 40 °C
(mm2/s)

0.494 1.221 0.596

laminar flame speed (m/s)
(λ = 1)

0.38 0.4 0.523

latent heat of vaporization
(kJ/kg)

310−320 920 1100

lower heating value (MJ/kg) 42.7 26.8 19.9

molecular weight (kg/kmol) 110 46 32.042

oxygen content (wt %) <0.05 34.8 50

research octane number 95 108.6 108.7

stoichiometric air/fuel ratio 14.7 9.02 6.49

sulfur content (wt %) ultra low 0 0

viscosity at 40 °C (mm2/s) 0.4−0.8 1.08 0.59

surface tension at 27 °C
(×10−3, N/m)

18.93 22.05 22.18

vapor pressure at 27 °C
(MPa)

0.045−0.09 0.018 0.032

ignition limit (vol %) 1.4−7.6 4.3−19 6.7−36

Table 2. Engine Specifications

engine type single-cylinder GDI engine

bore/stroke (mm) 86/86

displacement volume (cm3) 500

connecting rod length (mm) 196

compression ratio 10.5

maximum power at 3000 rpm (kW) 10

maximum torque at 3000 rpm (N m) 32

number of injector holes 6

Figure 2. Schematic of the engine experimental setup.

Table 3. Technical Specifications of EEPS 3090

particle size range (nm) 5.6−560

particle size resolution (channels per decade) 16 (32 in total)

electrometer channels 22

charger mode of operation unipolar diffusion charger

inlet cyclone 50% cut-point (μm) 1

maximum data rate (Hz) 10
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where n is the number weighted particle concentration per channel, c
is the particle count per channel, φ is the exhaust dilution factor, t is
the sampling time, Q is the sample flow rate, and η is the sample
efficiency factor per channel.
The PM size distribution was calculated by the following formula:

ρ=m v

where m is the mass-weighted concentration per channel, ρ is the
particle density, and v is the volume-weighted concentration per
channel.
The particulate size surface area distribution was calculated by the

following formula:

π=s D np
2

where s is the surface-area-weighted concentration per channel, Dp is
the particle diameter (channel midpoint), and n is the number-
weighted concentration per channel.

Total PN distribution was calculated by the following equation:

∑=N n

l

u

where N is the total number concentration, l is the lower channel
boundary, u is the upper channel boundary, and n is the number-
weighted concentration per channel.

The fuel temperature was maintained at 20 °C throughout the
experiment with the help of the fuel conditioning unit. The
temperature and pressure of the lubricating oil were maintained at

Figure 3. EGT, BTE, and BSFC variations with IMEP at 120 bar FIP.

Figure 4. Mass emissions of CO, NOx, and THCs with varying IMEP.
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90 °C and 3.5 bar, respectively, using the lubricating oil conditioning
unit.

3. RESULTS AND DISCUSSION

This experimental investigations provides detailed insights of
the particle size-number distribution emitted from the GDI
engine fueled with gasohols and baseline gasoline at two FIPs
and five engine loads and their potential health implications.
Engine performance characteristics along with gaseous
emissions were measured for all three test fuels and are
shown in Figures 3 and 4, respectively. Figure 3 shows
variations in the exhaust gas temperature (EGT), brake thermal
efficiency (BTE), and brake-specific fuel consumption (BSFC)
with IMEP for the three test fuels at 2000 rpm and FIP of 80
and 120 bar.
From Figure 3, it can be observed that, as IMEP increases,

EGT also increases. EGT was relatively higher at FIP of 120
bar. BTE reached maximum values of ∼27.1% (G100), ∼28.7%
(E15), and ∼29.8% (M15) at 80 bar FIP and ∼28.0% (G100),
∼29.6% (E15), and ∼29.0% (M15) at 120 bar FIP. BTE of
gasohols was found to be higher than that of baseline gasoline
because of the presence of fuel oxygen. BTE for 120 bar FIP
was relatively higher than that for 80 bar FIP. BSFC decreased
from ∼1494 g/kWh at no load to ∼398 g/kWh at full load at
80 bar FIP and from ∼1388 g/kWh at no load to ∼300 g/kWh
at full load at 120 bar FIP. BSFC for the gasohols was higher
than baseline gasoline. This was because the energy content
(LHV) of gasohols was relatively lower than baseline gasoline;
therefore, higher fuel quantity per engine cycle was injected in
order to achieve the same torque output from gasohols.
Figure 4 shows the variations in regulated gaseous mass

emissions (g/kWh) at FIP of 80 and 120 bar at 2000 rpm
engine speed. CO is a product of incomplete combustion in the
combustion chamber. CO emission decreased with increasing
IMEP because the fuel/air ratio was maintained constant
throughout the experiments, which lead to more complete
combustion in the entire range of engine load (IMEP). CO was
in the range of 22.3−2.9 g/kWh for all test fuels at 80 bar FIP.
However, at 120 bar FIP, a relatively lower CO emission in the
range of 16.1−2.9 g/kWh was observed. NOx emissions
increased with an increasing engine load, irrespective of the
test fuel used. The oxygen content of gasohols leads to more
complete combustion, which increases the peak in-cylinder
temperature. NOx formation in an engine cylinder is a highly
temperature-dependent phenomenon. NOx formation increases
with an increase in peak in-cylinder temperature; therefore,
NOx emissions were higher from the oxygenated fuels, namely,
gasohols. NOx emissions were relatively higher at 120 bar FIP.
THC emissions decreased with an increasing engine load. THC
formation takes place as a result of flame quenching near the
combustion chamber walls, which results in partial burning of
fuel molecules. THC emissions were relatively lower from
gasohols at 120 bar FIP.
3.1. Particulate Size-Number Distribution. PM from the

GDI engine are primarily formed as a result of fuel
impingement on the cylinder walls and piston top. This results
in incomplete fuel vaporization and incomplete fuel−air mixing,
resulting in pockets of rich fuel−air mixtures. Figure 5 shows
the particle size-number distributions for E15, M15, and
baseline G100 as a function of IMEP at 2000 rpm with 80 and
120 bar FIP. Particulate emissions were relatively higher for
both gasohols at lower IMEP in comparison to baseline
gasoline. Gasohols resulted in a higher unburnt HC

concentration as a result of lower in-cylinder temperatures at
lower engine loads. PN emissions were quite high at 2.5 bar
IMEP, which decreased with an increasing engine load up to
IMEP of 5.5 bar at both FIPs. At lower IMEP (2.5−5.5 bar),
the exhaust gas temperature was relatively lower (Figure 3),
which led to higher particulate formation, possibly as a result of
higher degree of incomplete combustion. Similar observations
are reported in the literature as well.18,21,24 With an increasing
engine load, particulate size-number distribution shifted toward
larger particle sizes (Dp ∼ 100 nm). As IMEP increased from
5.5 to 8.5 bar, PN emission further increased and EGT reached
a certain level (Figure 3), where particulate oxidation began,
resulting in reduction in PN from gasohols. In addition, as
IMEP increased from 5.5 to 8.5 bar, fuel injection quantity also
increased. The resulting richer fuel−air mixture enhanced the
degree of incomplete combustion, which increased PN at
higher IMEP. It was also noted that the peak of PN emission
shifted towards lower diameters (left) at lower IMEP.
Finer PM can penetrate deeper into human respiratory

system upon being inhaled. These smaller particles emitted at
lower loads will have higher retention in the alveolar region of
lungs, and they easily transport toxic polycyclic aromatic
hydrocarbons (PAHs) deep into lungs. Children are especially
vulnerable to ill effects of air pollution because their respiratory
and immune systems are immature and are at the stage of rapid
development.38 Children also inhale more air per unit body
weight; therefore, their exposure is significantly higher to
pollutants than adults. Chronic respiratory effects linked to

Figure 5. Particulate number versus particulate mobility diameter
(nm) at FIPs of 80 and 120 bar.
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ambient pollutant particles include reduced lung function and
increased symptoms of bronchitis in both children and
adults.39−42

Lower engine load contributes more toward PN and has
negligible contribution to total particulate mass (Figure 6).

However, at higher IMEP, PN emissions from baseline gasoline
were relatively higher compared to gasohols (M15 and E15).
These observations were in agreement with the results reported
in the literature.19,24 Both gasohols emitted relatively lower PN
at higher IMEP because of higher oxygen content, lower boiling
point, lower carbon/hydrogen ratio, and higher octane number
of gasohols compared to baseline gasoline. At higher IMEP, a
higher quantity of fuel-borne oxygen leads to lower elemental
carbon (EC) formation particularly from gasohols. The oxygen
content of gasohols improves the combustion efficiency of the
charge. Oxygen present in both gasohols improved the
combustion by locally altering the fuel−air ratios. The octane
numbers of methanol and ethanol were also higher than
baseline gasoline. The laminar flame speeds of methanol and
ethanol were approximately twice as fast as gasoline, which
increased the heat release rate, resulting in superior combustion
phasing.
The gasohols have a relatively higher latent heat of

vaporization; therefore, they absorb greater amount of heat
generated by combustion and from the intake manifold.
Because of the presence of oxygen in the molecular structure
of ethanol and methanol, blending them with gasoline

decreases the peak combustion temperature at lower IMEPs.
PM emissions from both gasohols have a higher organic volatile
content compared to baseline gasoline, primarily as a result of
reduction in elemental carbon formation by combustion of
ethanol/methanol. Also, when ethanol/methanol is blended
with gasoline, the soot precursor concentration reduces. This is
because of the absence of aromatic components in ethanol/
methanol, which are responsible for soot formation. Fuel-borne
oxygen assists in attaining a higher degree of oxidation of
unburnt and pyrolyzed HCs.

3.2. Particulate Size Mass Distribution. Particle size
number distributions were used to calculate particle size-mass
distributions for different test fuels. PM mostly comprises of
agglomerates; however, it has been shown in the literature that
they can be assumed to be spherical with a density of 1 g/cm3

for calculating size-mass distribution with acceptable accu-
racy.43−45

Figure 6 showed the particle size-mass distributions for E15,
M15, and G100 with an increasing IMEP at 2000 rpm at FIP of
80 and 120 bar. Larger diameter particles contribute more
toward mass. Particle size-mass distributions showed that
gasohols generated relatively lower PM emissions at lower
IMEP. This was because the size-number distribution of
particulate at lower IMEP was relatively lower. However, at
higher IMEP, the particulate size generally increases; hence,
they contribute to relatively higher particulate mass emission. It
was also observed that, at higher IMEP, both gasohols had
relatively lower particulate mass emissions compared to
baseline gasoline. The PM emissions were relatively lower at
FIP of 120 bar in comparison to FIP of 80 bar. Particulate with
a higher mass will have a lower atmospheric retention time and
will settle in relatively lesser time compared to lighter
particulate.
It can be concluded from this study that gasohol origin

particulate were relatively lighter in comparison to gasoline
origin particulate; therefore, there is a possibility of them being
relatively more toxic compared to gasoline origin particulate.

3.3. Particle Size-Surface Area Distribution. Figure 7
shows the particle size-surface area distributions for E15, M15,
and G100 with increasing IMEP at 2000 rpm at FIP of 80 and
120 bar. Spray characteristics play a critical role in PM
formation as well as control.46,47 Agarwal et al.,48 and
Heywood49 discussed particulate formation process in detail.
During combustion, higher molecular weight HCs convert into
smaller HCs, such as butadiene and acetylene, via the process of
fuel pyrolysis in the engine combustion chamber. This process
takes place at 2000−2400 K under deficient oxygen conditions.
After some time, the temperature in the combustion chamber
falls and nucleation mode particles coagulate together into a
bunch of particles with sizes ranging from 70 to 100 nm. The
particle surface area further increases by surface growth and
spatial growth through PAH condensation, adsorption, and
coagulation processes. In due course of time, the particulate
surface area/volume increases because of them sticking
together. Finally, the particles collide with each other and
form agglomerates of a larger size and irregular shape. PM also
increases wear of vital engine components.50

The size-surface area distribution tends to increase with
increasing IMEP. Organic carbon (OC) mainly comprises of
HCs, which do not burn during combustion and primarily
originate from fuel or lubricating oil. OC is formed by
condensation of hydrocarbon vapors formed as a result of
incomplete combustion. Size-surface area distributions for both

Figure 6. Particle size-mass versus particulate mobility diameter at FIP
of 80 and 120 bar.
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gasohols were relatively higher at lower IMEP but decrease at
higher IMEP compared to baseline gasoline. Organic
compounds adsorbed on agglomerate surfaces may penetrate
deeper into the bloodstream and can be potentially
carcinogenic. The larger the size-surface area distribution of
particulate, higher will be the probability of these combustion-
generated PAHs to get adsorbed onto agglomerate surface and
cause greater health hazard.
3.4. Total Particulate Number Distribution. Figure 8

shows the total PN concentration with increasing IMEP for
E15, M15, and G100 at 2000 rpm at FIP of 80 and 120 bar. It is
observed that the total PN concentration decreased from 2.5 to
5.5 bar IMEP and then increased up to 8.5 bar IMEP for all test
fuels. The difference in total PN concentrations at varying
IMEPs was probably due to the difference in peak combustion
chamber temperatures for different test fuels. Consumption of
lubricating oil at all IMEP at a constant engine speed of 2000
rpm was the same, however despite differences, the in-cylinder
temperature for different test fuels was enough to pyrolyse the
lubricating oil and form particulate. Lubricating oil contributes
to formation of small as well as large particles.51 It is observed
that the total PN concentrations were relatively lower at FIP of
120 bar in comparison to FIP of 80 bar. It is desirable to have
lower total PN emissions in the environment; therefore, higher
FIP performs superior in a gasohol-fueled GDI engine.
3.5. CMD and Total Particulate Number Distribution.

For comparison of the average particle size at a particular
operating load, CMD was calculated and plotted against the
total particulate number. CMD gives a better estimate of the

adverse health effects of engine out particulate compared to
total PN emission. It is not desirable to have a higher number
of particles of smaller size, which can easily penetrate deep into
the human respiratory system via inhalation and contaminate
the respiratory system with toxic components adsorbed onto
the agglomerate surfaces.
Figure 9 shows that CMD was the highest at 100% load for

all test fuels. This clearly showed that higher engine loads
resulted in emission of larger particulate. Also, the total
particulate number concentrations at no load and full load were
nearly identical; however, CMD at no load was significantly
lower. Total PN concentrations were lower at FIP of 120 bar in
comparison to FIP of 80 bar for all test fuels. It is desirable to
have a lower total PN concentration; however, if the CMD is
smaller, then it indicates a greater availability of surface area per
unit mass of PM for adsorption of toxic compounds, which
makes it relatively more toxic and undesirable.

3.6. Correlation between the PN and PM. Smaller
particles contribute less to PM and more toward PN. On the
other hand, larger particles contribute more to PM and less
toward PN. A higher number of smaller particles will have a
larger surface area available for adsorption of toxic species
compared to a lower number of larger particles for the same
PM mass. A higher particulate surface area available will adsorb
higher quantity of toxic organic compounds. Hence, it is
desirable to establish a relationship/correlation between the PN
and PM emissions. Figure 10 shows the representation of such
a relationship. PM is shown in the abscissa, and PN is shown in
the ordinate. A lobe was plotted by joining particle sizes ranging
from 5.6 to 560 nm in an increasing order. The larger PN and
PM emission is reflected by a larger lobe. The significance of
this graph lies in the fact that if the lobe is inclined toward the
ordinate, this indicates higher PN dominance. On the other
hand, if this lobe is inclined toward the abscissa, it indicates
higher PM dominance. This lobe clearly shows that a smaller
particle sizes with a larger PN will not contribute to mass

Figure 7. Particulate size surface area versus particulate mobility
diameter (nm) at FIP of 80 and 120 bar.

Figure 8. Total particulate number concentration with increasing
IMEP at FIP of 80 and 120 bar.
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measurement significantly and vice-versa. Increasing the size of
the lobe indicates higher particulate emission (PM or PN).
Efforts have been made to establish correlation between PN

and PM for this study in Figure 11. The size of the lobe was
small at no load and was relatively more inclined toward the
ordinate (showing PN dominance) for gasohol. As the engine
load increased, the lobe tilted toward the abscissa, indicating
increasing PM emissions with increasing engine load. For IMEP
= 2.5 and 4 bar, the gasohol lobes were relatively smaller;
however, at intermediate and high loads, the gasoline lobe was
larger than those of gasohols. This indicated that gasohols
emitted relatively more PN than gasoline at lower loads as a
result of a relatively lower in-cylinder temperature, and as
engine load increased, PN from gasohols decreased in
comparison to gasoline. At higher engine loads, size and mass
of particles increased for all test fuels. However, the lobes were
relatively smaller for 120 bar FIP compared to 80 bar FIP.

Larger lobes at higher engine loads indicated higher number
emissions (PM/PN) for all test fuels.

Figure 9. Variation of CMD with the total particulate number at FIP of 80 and 120 bar.

Figure 10. Explanation of correlation between PN and PM emissions.

Figure 11. Correlation between PN and PM emissions from a gasohol-
fueled GDI engine.
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4. CONCLUSIONS

These experimental investigations have shown that gasohol
blends emitted relatively higher PN emissions than baseline
gasoline at lower engine loads in a GDI engine in homogeneous
charge mode. At higher engine loads, gasohols emitted
relatively lower PN emissions than baseline gasoline. PN
emissions first decreased when the engine load increased from
lower loads to intermediate loads but increased at higher engine
loads, irrespective of the test fuel. PN emissions for FIP of 120
bar were an order of magnitude lower than that of FIP of 80 bar
for all test fuels.
Total particle concentrations for no load and full load were

nearly similar; however, CMD at no load was significantly
smaller for all test fuels. CMD showed that smaller particles
offered higher surface area per unit mass of PM for adsorption
of heavier hydrocarbons, which may be potentially toxic. Size-
surface area distributions of particulate emitted from gasohols
were relatively higher compared to baseline G100 at lower
IMEP and decreased at higher IMEP. The size surface area
distribution of particulate increased with increasing IMEP for
all test fuels. Particulate with a higher surface area per unit mass
were potentially more toxic. Use of gasohols at lower loads does
not offer any advantage in terms of PN emissions; however, at
higher engine loads, PN emissions decreased significantly from
gasohols compared to baseline gasoline in a GDI engine. This
trend of PM and PN emissions can be accounted for while
designing an engine or calibrating the GDI engine ECU for a
particular application, because the PN limits are going to be
enforced in most emission legislations worldwide.
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■ NOMENCLATURE

Bu20 = 20% (v/v) ethanol blended with 80% (v/v) gasoline
E15 = 15% (v/v) ethanol blended with 88% (v/v) gasoline
ECU = electronic control unit
EEPS = engine exhaust particle sizer
EGT = exhaust gas temperature
FIP = fuel injection pressure
G100 = unleaded gasoline
GDI = gasoline direct injection
IC = internal combustion
IMEP = indicated mean effective pressure
M15 = 15% (v/v) methanol blended with 85% (v/v)
gasoline
NEDC = New European Driving Cycle
OC = organic carbon
PAH = polycyclic aromatic hydrocarbons

PM = particulate matter
PN = particulate number
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