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Effect of intake air temperature and
air–fuel ratio on particulates in
gasoline and n-butanolfueled
homogeneous charge compression
ignition engine

Rakesh K Maurya1,2 and Avinash K Agarwal1

Abstract
An experimental study was conducted to investigate the effect of engine operating parameters on exhaust particulate
size–number distribution in a homogeneous charge compression ignition engine fueled with gasoline and n-butanol. In
this investigation, portfuel injection was done for preparing homogeneous charge, and intake air preheating was used for
auto-ignition of the charge. Engine exhaust particle sizer was used for measuring size–number distribution of particulate
matter emitted from the homogeneous charge compression ignition engine. Experiments were conducted at different
engine speeds by varying intake air temperature and air–fuel ratio of the charge. Effect of engine operating parameters
on particulate size–number distribution, size–surface area distribution, and total particulate number concentration was
investigated. Most significant particle numbers were in the range of 6–150 nm mobility diameter for all test conditions.
n-Butanol showed relatively higher peak number concentration and lower mobility diameter corresponding to the peak
concentrations as compared to baseline gasoline. On increasing intake air temperature, mobility diameters correspond-
ing to peak number concentration of particles moved towards lower mobility diameters. Count mean diameter of parti-
cles was in the range of 35–80 nm and 20–65 nm for gasoline and n-butanol, respectively, for all test conditions in
homogeneous charge compression ignition operating range.
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Introduction

Homogeneous charge compression ignition (HCCI) is
an extremely promising combustion concept currently
being explored as an alternative to conventional engine
combustion modes for higher efficiency and extremely
low NOx and particulate emissions. HCCI means that
the fuel and air should be mixed homogeneously before
the start of combustion, and the mixture is auto-ignited
due to increase in temperature at the end of compres-
sion stroke. However, precisely controlling the combus-
tion is a key for improved performance in terms of
efficiency and emissions. In HCCI engine, combustion
is completely controlled by chemical kinetics and is
therefore affected by variables such as fuel composition,
equivalence ratio, and thermodynamic state of air–fuel
mixture.1 HCCI engines are inherently fuel-flexible the-
oretically and can potentially operate on low- or high-

grade fuels, as long as the fuel can be heated to the
point of auto-ignition toward the end of compression
stroke2. In particular, HCCI engines can be fueled with
variety of alcohols.3–7 HCCI engine with n-butanol as a
renewable fuel offers a promising solution to tackle
some of the major challenges before full realization of
‘‘green powertrains.’’ Butanol is a competitive alcohol
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fuel, which can potentially be produced by fermentation
of various organic residues, including waste products
from industrial processes.8 Butanol is a good biofuel for
internal combustion (IC) engines and can be used in
spark ignition (SI) engines9–11 as well as compression
ignition (CI) engines12–15 in blended or pure form.
Rakopoulos et al. found that butanol–diesel blends had
a slightly higher specific fuel consumption due to its rela-
tively lower heating value, but they reported a slight
higher brake thermal efficiency. NOx emissions reduced
slightly, but the smoke reduced significantly for butanol–
diesel blends.14,15 These studies demonstrated that
butanol can be used advantageously and safely as a ad-
mixture with diesel in CI engines.12–15 Butanol has rela-
tively higher calorific value compared to ethanol or
methanol, and it also does not absorb moisture from the
atmospheric air. Very few fundamental studies are con-
ducted to investigate combustion characteristics of buta-
nol.16–18 Agathou and Kyritsis17 found that butanol
nonpremixed flames can sustain higher strain rates at
extinction than the corresponding flames of ethanol,
which is currently used as a biofuel. Liu et al.18 found
that butanol had a higher potential thermal efficiency,
lower flame luminosity, and soot emissions compared to
soybean biodiesel. Butanol has four isomers: 1-butanol
(or n-butanol), 2-butanol, iso-butanol, and tert-butanol.
However, out of these four, only the first three are biolo-
gically produced in nature.19 Mitsingas and Kyritsis19,20

reported that even though all isomers share essentially
the same adiabatic flame temperature, n-butanol flames
could sustain a consistently higher extinction strain rate
than the flames of other isomers (iso-butanol and sec-
butanol). Fushimi et al.21 reported that n-butanol is best
for gas–oil blending use among the three isomers.
Considering these advantages of n-butanol and HCCI
engines, it was chosen to explore the combined advan-
tages of HCCI combustion with oxygenated biofuels (n-
butanol) and compare it with baseline gasoline HCCI.

Several adverse health effects are associated with the
ultra-fine particles (diameter \ 100 nm) emitted in the
engine exhaust. Researchers have shown that fine parti-
culates can penetrate the cell membrane, enter into the
blood stream, and reach the brain to cause mutagenic
effects.22,23 Therefore, measurement and control of
engine particulates is extremely important for the
engine researchers and automotive manufacturers. Few
studies reported the effect of various engine operating
conditions on particulate emission in HCCI engines.24–
29 Price et al.24 found that particulate matter (PM)
emissions in HCCI combustion are non-negligible, and
significant concentration of accumulation mode parti-
culates was detected. Kittelson and Franklin25 sug-
gested that carbonaceous agglomerates, which comprise
most of the PM mass, are significantly lower in HCCI
engines. In HCCI combustion, PM emissions comprise
lesser solid carbon accumulation mode particles and
more volatile particles in the nuclei mode.

All studies mentioned above lead us to the conclu-
sion that the thermal conditions prevailing inside the

combustion chamber and the fuel injection timings, at
which HCCI engine is operated, affect emissions,
including PM emissions. Particulate emission data for
port fuel–injected HCCI combustion for butanol are
not available in the open literature; therefore, it is
worth investigating the effect of engine operating con-
ditions on PM emissions from n-butanol-fueled HCCI
engine at different engine speeds vis-à-vis baseline
gasoline-fueled HCCI engine.

Experimental setup

Our previous article26 covers detailed explanation of
the experimental setup; therefore, in this section, only
brief description of the engine setup and experimental
procedure is provided. A four-cylinder diesel engine
was modified, and HCCI combustion was achieved in
one of the four cylinders. Experimental observations
for this study were made on this HCCI cylinder.
Technical specifications of the unmodified test engine
are provided in Table 1. Intake and exhaust manifolds
of HCCI cylinder were separated from the remaining
three cylinders. Schematic of the experimental setup is
shown in Figure 1.

Figure 1. Schematic of the experimental setup.
EEPS: engine exhaust particle sizer.

Table 1. Test engine specifications.

Make/model Mahindra/load-king
No. of cylinders Four
Displaced volume 652 cc/cylinder
Stroke/bore 94/94 mm
Connecting rod length 158 mm
Compression ratio 17.5:1
Number of valves 2/cylinder
Exhaust valve open/close 56� BBDC/5� ATDC
Inlet valve open/close 10� BTDC/18� ABDC

BBDC: before bottom dead center; ABDC: after bottom dead center;

BTDC: before top dead center; ATDC: after top dead center.
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Test fuel was premixed with air using port fuel injec-
tor installed in the intake manifold. Electronic fuel
injector had four nozzle holes, and the fuel was injected
in the intake manifold at 3 bar fuel injection pressure.
The quantity of fuel injected in every cycle and injec-
tion timings were controlled using a micro-controller
(CompactRIO-9014; National Instruments) and a cus-
tomized injection driver circuit. CompactRIO micro-
controller was programmed by LabVIEW FPGA and
LabVIEW Real-Time module software. The
CompactRIO micro-controller receives signals from
precision shaft encoder (H25D-SS-2160-ABZC; BEI),
air mass flow meter (HFM5; Bosch), and an in-cylinder
piezoelectric pressure transducer (6013; Kistler).
CompactRIO generates an output pulse to trigger the
fuel injector after processing the acquired signals,
according to the user-defined operating conditions.
Based on the output pulse, fuel injector injects the
required quantity of fuel in the intake manifold, at an
appropriate time.

Air supplied to HCCI cylinder was measured by a
hot-film air mass flow meter, which precisely measured
the actual intake air mass flow rate. To achieve HCCI
combustion with proper combustion phasing of gaso-
line like fuels, the air–fuel mixture was preheated to a
required temperature before entering the cylinder.
Fresh air entering the engine was preheated using an
electric air preheater, installed upstream of the intake
manifold. The intake air preheater was controlled by a
closed-loop controller, which maintained constant
intake air temperature, as defined by the user. The hea-
ter controller took feedback from a thermocouple
installed in the intake manifold, immediately upstream
of the fuel injector. A thermocouple in conjunction
with a digital temperature indicator was used for mea-
surement of intake and exhaust gas temperatures. The
in-cylinder pressure was measured using a piezoelectric
pressure transducer, which was mounted flush with the
cylinder head. To measure the crank angle degree
(CAD) position, a precision optical shaft encoder was
coupled on the crankshaft. The in-cylinder pressure
data acquisition and combustion analysis were done
using a LabVIEW-based program developed for this
study.

In this study, engine exhaust particle sizer (EEPS)
was used to measure the particulate size–number distri-
bution in the engine exhaust. The EEPS spectrometer is
a fast-response, high-resolution instrument, which mea-
sures particle number concentrations in the diluted
engine exhaust. EEPS spectrometer provides both high
temporal resolution and reasonable size resolution by
using the same basic technique as that of a scanning
mobility particle sizer (SMPS) system albeit with multi-
ple detectors working in parallel. The EEPS is designed
specifically to measure particulates emitted from
engines and vehicles. It measures particles with sizes
ranging from 5.6 to 560 nm with a size resolution of 16
channels per decade (a total of 32 channels). The elec-
trometers are read at 10 Hz frequency by a

microprocessor, which then inverts the current/charge
data to particle size and number distribution.30 The
instrument draws in a sample of the exhaust flow con-
tinuously. Rotating disk thermo-diluter was required
for diluting and preconditioning the exhaust gas sam-
ple, located upstream of EEPS (Figure 1). A portion of
raw exhaust was mixed with the heated and filtered air
in the disk cavity of the thermo-diluter. Thermo-diluter
draws exhaust gas sample directly from the exhaust line
using a sampling probe. Sampling probe was designed
in such a manner that the particle losses due to noniso-
kinetic sampling were negligible, therefore can be
neglected. Exhaust gas sampling was done at a dilution
ratio of 114:1 in the present investigation.

Results and discussion

In this section, the experimental results of particulate
emissions from HCCI engine fueled with gasoline and
n-butanol at different engine operating conditions are
presented. Measurement of particulate size distribution
was done after the engine was thermally stabilized for
each test point. Sampling was done for 1 min at a sam-
pling frequency of 1 Hz, and the results presented are
an average of these 60 data points collected at each test
point. Measurement at each test point was repeated
twice in order to ensure repeatability of the data.
Results are presented in the form of particulate
number–size distribution in the exhaust per unit vol-
ume (after accounting for the dilution factor).

Experiments were conducted at different intake air
temperatures and relative air–fuel ratios (l) using n-
butanol and baseline gasoline at 1200 and 2400 r/min.
Figures 2 and 3 show the HCCI operating range for
baseline gasoline and n-butanol, respectively. The
HCCI operating region was determined by operating
limits of high- and low-load boundaries, which were
defined by engine knock and combustion stability. In
this study, ringing intensity (RI) was used as a criterion
to define high-load limit. Fluctuations in the indicated
mean effective pressure (IMEP) was used as a measure
of combustion stability and expressed as COVIMEP.
The coefficient of variation (COV) of IMEP was calcu-
lated from the data of 2000 consecutive engine cycles
and was used to define the low-load HCCI limit (misfire
boundary). In this study, acceptable higher and lower
boundary values were taken as RI \ 6 MW/m2 and
COVIMEP \ 3.5%. The values of RI and COVIMEP

used were taken from published literature for similar
displacement engines.31,32

Figures 2 and 3 show HCCI operating range
obtained by applying high- and low-load limit criterion
for gasoline and n-butanol at 1200 and 2400 r/min. In
Figures 2 and 3, contour lines represent the constant
IMEP lines. Figure 2 shows that IMEP contours are
more horizontally inclined for both test fuel at the two
speeds. This observation indicates that IMEP (contour
lines) was largely affected by l in HCCI operating
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region. Intake air temperature affected mainly the com-
bustion phasing, which had a weak effect on IMEP in
HCCI operating region, defined by high- and low-load
limit, as discussed above. It was obvious that the engine
output in the HCCI operating range was determined by
l, since the richer mixture (higher energy input) led to
higher power output. It can be noted from Figures 2
and 3 that IMEP decreased as engine operated on lea-
ner mixture and IMEP increased as engine operating
point moved closer to richer mixture and lower intake

air temperatures. It can also be noted from Figures 2
and 3 that operating region area decreased with increas-
ing engine speed for both test fuels. Minimum l (richest
mixture) in HCCI operating range increased (mixture
becomes leaner) for each fuel with increasing engine
speed. Therefore, higher load boundary decreased as
engine speed increased, due to lower energy input (lea-
ner mixture).

Figures 4 and 5 show the particle size–number distri-
bution for gasoline and butanol at 1200 and 2400 r/min

Figure 2. HCCI operating range for gasoline at (a) 1200 and (b) 2400 r/min.
IMEP: indicated mean effective pressure.

Figure 3. HCCI operating range for n-butanol at (a) 1200 and (b) 2400 r/min.
IMEP: indicated mean effective pressure.
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with varying intake air temperature and l. It is
observed from Figures 4 and 5 that particle numbers
increased as engine was operated using richer mixtures
at each intake air temperature for both fuels. Peak con-
centration of particles depends on the mixture strength
(i.e. engine load) and intake air temperature

(i.e. combustion phasing) for both fuels. It can be
observed from Figures 4 and 5 that peak number con-
centration of gasoline particulates was between 3.56 3

107 and 1.75 3 108 particles/cm3 at 1200 r/min and
5.75 3 107 and 2.30 3 108 particles/cm3 at 2400 r/min.
Peak number concentration of n-butanol particulates

Figure 4. Particle size–number distributions for gasoline HCCI combustion with varying intake temperatures and l at (a) 1200 and
(b) 2400 r/min.
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was between 5.14 3 107 and 1.96 3 108 particles/cm3 at
1200 r/min and 8.57 3 107 and 3.85 3 108 particles/
cm3 at 2400 r/min. Maximum peak concentration was
higher at higher engine speeds for both fuels. n-Butanol
had higher peak concentration at both engine speeds
compared to baseline gasoline. For all test conditions,

particle sizes having significant number of particles
were in the range of 6–150 nm.

Price et al.24 discussed various reasons for non-
negligible PM emissions from direct injection (DI)-
HCCI gasoline engines. Various factors affecting the
PM emissions from HCCI engines suggested by them

Figure 5. Particle size–number distributions for n-butanol HCCI combustion with varying intake temperatures and l at (a) 1200
and (b) 2400 r/min.
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were piston and wall wetting, charge heterogeneity,
condensation, nucleation, ash, and trace metal emis-
sions. Condensable PM fraction was expected to be sig-
nificant in HCCI mode for two reasons. First, high
unburned gas phase hydrocarbon (HC) emissions due
to lower combustion temperature in HCCI mode lead-
ing to higher particulate phase HC. Second, tempera-
ture in the expansion stroke was not adequate to
oxidize all unburnt HCs that diffused out of the crevice
volume. Some of these HCs remain suspended in the
exhaust and eventually condense, when temperatures
become low enough.24

It can be observed from Figures 4 and 5 that leaner
mixtures show the peak concentration for lower mobi-
lity diameters at each intake air temperature for both
fuels. It was found that mobility diameters were in the
range of 22–52 and 39–60 nm at 1200 and 2400 r/min,
respectively, for peak particle number concentrations
using n-butanol. While for gasoline, mobility diameters
were in the size range of 34–80 nm corresponding to
peak particle number concentration at both test speeds,
which were comparatively larger than n-butanol. This
observation indicated that particles from n-butanol
HCCI were smaller as compared to baseline gasoline
HCCI. Mobility diameters with peak concentration in
gasoline HCCI were also larger compared to gasoline
SI engine (typically \ 25 nm).33 It was also observed
that the mobility diameters corresponding to peak con-
centration of particles shifted toward lower mobility
diameters with increasing intake air temperatures.

Figures 4 and 5 show that particulate size–number
distribution curves for gasoline showed different beha-
viors in particle size range less than 20 nm. Particle
number concentrations in the size range close to 10 nm
had number concentration of the order of 106 particles/
cm3 for n-butanol. Gasoline HCCI particles in the size
range of 10 nm had number concentration of the order
107 particles/cm3, which was an order of magnitude
higher as compared to n-butanol (Figures 4 and 5). On

increasing intake air temperature, nuclei mode particles
increased for both fuels.

Franklin34 demonstrated that almost all particles
measured in ethanol HCCI combustion with different
control strategies were volatile with no measureable
concentration of solid accumulation mode particles. In
the absence of solid nucleation mode particles, which
acted as adsorption sites, only gas-to-particle conver-
sion processes were available to the organic vapors in
the exhaust as it got diluted and cooled, leading to
homogeneous nucleation and condensation. This led to
formation of volatile, nucleation mode particles. It was
reported that in conventional CI engines, composition
of volatile nucleation mode particles shifted toward
characteristics dominated by lubricating oil origin par-
ticles with increasing engine load.35 This study sug-
gested that higher in-cylinder temperatures may lead to
formation of higher lubricating oil–related nucleation
mode particles. In this study, size–number distribution
of particulates increased at higher load (richer mixture),
which was due to higher in-cylinder temperatures as
compared to lower loads (leaner mixtures) (Figures 4
and 5). Sakurai et al.36 also reported that the volatile
PM was composed of at least 95% compounds origi-
nating from unburned lubricating oil at light to moder-
ate loads in diesel engines. HCCI engines use similar
configuration of lubricating system, piston, and piston
rings as CI engines. Therefore, delivery of lubricating
oil to the combustion chamber and associated processes
in the combustion chamber may be similar.34

Additionally, total hydrocarbon (THC) emissions
decrease at higher intake air temperatures, while parti-
cle numbers increase (Figures 4–7). In one study, it was
reported for a hydrogen SI engine that with increasing
in-cylinder temperature, organic carbon levels of the
PM also increased.37 This was reportedly because of
higher degree of breakdown of the lubricating oil film
present on the cylinder walls. Similar phenomenon may
also take place in HCCI engines, and upon increasing

Figure 6. Variation of total number concentration of particles at (a) 1200 and (b) 2400 r/min for gasoline.
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intake air temperature, rate of pressure rise might
increase rapidly in HCCI engines.

Figures 6 and 7 show the total number concentra-
tion of particles at different l and Ti for gasoline and
n-butanol at 1200 and 2400 r/min. It can be noted from
these figures that as mixture becomes leaner, total par-
ticle concentration decreased for all test conditions
except (Ti = 140 �C and 150 �C) for gasoline at 1200 r/
min. This suggests that on increasing the fueling (load),
total particle concentration increased and the trend
agrees with the observations made for engines using
conventional combustion modes.33 Total concentration
of particles increased with increasing intake air tem-
perature for constant fueling, which was possibly due
to increase in nuclei mode particles at higher tempera-
ture. Maximum value to total particulate concentration
was lower for gasoline compared to n-butanol at both
engine speeds. The total concentration of particles was
higher for richer mixture conditions and comparable

for leaner conditions, as compared to a gasoline HCCI
study.27 It can also be noted from Figures 6 and 7 that
maximum total concentration of particles increased at
higher engine speeds for both fuels.

Average particle size is represented by count mean
diameter (CMD), which provides a basis for comparing
overall size of the emitted particulates for different
engine operating conditions. Figures 8 and 9 show var-
iation of CMD of particulates with varying intake air
temperatures and l for gasoline and n-butanol, respec-
tively, at 1200 and 2400 r/min.

CMD of particulates was in the range of 35–80 nm
for gasoline under all test conditions in HCCI operat-
ing range. However, for n-butanol, it was in the range
of 20–65 nm under identical HCCI operating range.
This observation indicated that the average diameter of
particles emitted from n-butanol was smaller compared
to baseline gasoline. Smaller molecular chain length of
n-butanol possibly contributes to smaller CMD of

Figure 8. Count mean diameter of particles for baseline gasoline at (a) 1200 and (b) 2400 r/min.

Figure 7. Variation of total number concentration of particles at (a) 1200 and (b) 2400 r/min for n-butanol.

796 International J of Engine Research 15(7)

 at INDIAN INST TECH KANPUR on August 19, 2014jer.sagepub.comDownloaded from 

http://jer.sagepub.com/


particulates. Lower CMD indicates lower concentra-
tion of accumulation mode particles and/or higher con-
centration of nuclei mode particles for n-butanol in
comparison to baseline gasoline. It can also be noted
from Figures 9 and 10 that at any intake air tempera-
ture, CMD increased for richer mixtures and decreased
as mixture becomes leaner for both fuels at all engine
speeds.

The surface area versus size distribution is very
important from toxicology point of view. Particulate
surface area distribution is an indicator of effectiveness
of interaction of particulates with the respiratory sys-
tem, and it determines their effect on human health.
Higher the particulate surface area, higher will be the
possibility of surface adsorption of the polycyclic aro-
matic hydrocarbons (PAHs) leading to higher toxic
potential.33 Smaller particles tend to have significantly
higher surface area for the same particle mass com-
pared to larger particles, thereby offering larger surface
area for condensation of toxic volatile organic com-
pounds (VOCs) and PAHs.38 From measured particu-
late size–number distribution data, particulate size–
surface area distribution can be calculated, assuming
all the particles to be spheres (equation (1))

dS=dN � pD2
p ð1Þ

Here, dS is the area distribution, Dp is geometric mid-
point diameter of the particle size in a particular chan-
nel, and dN is the number concentration of the
particulates. This assumption, however, is an oversim-
plification, therefore it certainly introduces error in the
results. It is fairly common to describe the primary
exhaust particles as uniform in size with geometries
similar to spheres and diameters of roughly 25 nm.39

Diesel agglomerates consist of primary particles, which
are not at all uniform in shape or size, and a common
way to quantify this irregularity is by using the fractal
dimensions.40 Irregularity of soot particles affects their
environmental impact for several reasons: as particles

become more irregular, their surface area increases,
light extinction efficiency increases, aerodynamic beha-
vior changes, filtering efficiency increases, and so
on.40,41

Figures 10 and 11 show some interesting results,
where the distribution for particle surface area per unit
volume of exhaust gas is plotted against the particle
size for tests conducted at different intake air tempera-
tures and l for gasoline and n-butanol.

It is observed from Figures 10 and 11 that particle
surface area increased as engine was operated using
richer mixtures at each intake air temperature for both
fuels. Peak surface area concentration of particles
depends on the mixture strength (i.e. engine load) and
intake air temperature (i.e. combustion phasing) for
both fuels. It can also be observed from Figures 10 and
11 that peak surface area distribution of gasoline lies
between 6.52 3 1011 and 2.91 3 1012 nm2/cm3 at 1200
r/min and 3.60 3 1011 and 5.56 3 1012 nm2/cm3 at 2400
r/min. Peak surface area distribution of butanol lies
between 1.76 3 1011 and 1.75 3 1012 nm2/cm3 at 1200
r/min and 4.71 3 1011 and 6.13 3 1012 nm2/cm3 at 2400
r/min. Peak of surface area distribution curve was
higher at higher engine speeds for both fuels. Butanol
particulates showed higher peak surface area at 2400 r/
min compared to baseline gasoline, due to higher parti-
cle numbers. However, at 1200 r/min, n-butanol parti-
culates showed lower peak surface area as compared to
baseline gasoline, due to higher number concentration
of particles near 10 nm size range.

It can also be observed from Figures 10 and 11 that
leaner mixtures had the peak of surface area distribu-
tion for lower mobility diameters at each intake air
temperature for both fuels. It was found that mobility
diameters of particulates were in the range of 34–93 nm
and 60–80 nm at 1200 and 2400 r/min, respectively, for
peak of surface area distribution curve with n-butanol.
While baseline gasoline particulates had mobility dia-
meter in the size range of 50–110 nm corresponding to
peak of particle surface area distribution at both test

Figure 9. Count mean diameter of particles for n-butanol at (a) 1200 and (b) 2400 r/min.
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speeds, which were significantly larger than those for n-
butanol. Mobility diameters at the peak of surface area
distribution curve were larger for both fuels in compar-
ison to mobility diameters corresponding to peak of
number concentration curve. This indicates that a large
number of significantly larger diameter particulates

contribute maximum to the surface area. It can be
noted from Figures 10 and 11 that surface area distri-
bution curves in the size range close to 10 nm have
number concentration of the order 108 nm2/cm3 for
n-butanol. Gasoline particulates in the size range of
10 nm have number concentration of the order

Figure 10. Particulate size–surface area distribution for gasoline HCCI combustion with varying intake temperatures and l at
(a) 1200 and (b) 2400 r/min.
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109 nm2/cm3, which is an order of magnitude higher as
compared to n-butanol (Figures 10 and 11) due to
higher particle number concentrations.

The particulate mass versus particle size distribution
curve represents the mass of the particles in that partic-
ular size range. Since the mass is higher for larger

particles, the possibility of their settling down is also
higher. The atmospheric retention time for the tiny
nanoparticles is higher than larger particles for the
same reason. Majority of particulate mass is formed
during surface growth stage and agglomeration stage
of particulate evolution; thus, the residence time during

Figure 11. Particulate size–surface area distributions for n-butanol HCCI combustion with varying intake temperatures and l at
(a) 1200 and (b) 2400 r/min.
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surface growth process has a large influence on the
total particulate mass emissions. Currently, the cumula-
tive mass of particulate emitted by engines is very
important from emission legislation point of view. As
of today, global automotive emission regulations rely
on compliance of mass emissions of particulates and
total particulate numbers; however, they do not give

any weightage to the size and number distribution, as
such. This is a skewed way because the heavier particles
are less harmful, and they do contribute to the mass
heavily. On the contrary, large number of tiny particles
will be more harmful; however, they would not contrib-
ute to mass significantly. Therefore, the mass distribu-
tion curve of the particulates emitted from an engine

Figure 12. Particle size–mass distributions for gasoline HCCI combustion with varying intake temperatures and l at (a) 1200 and
(b) 2400 r/min.
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will become increasingly important for future emission
legislations. With increasing awareness about the harm-
ful effects of nanoparticles on the human health, law
makers will be forced to take cognigence of particulate
size, surface area, and mass distributions while formu-
lating future emission norms.38 For all the calculations,
a constant particle density of 1.0 g/cm3 was used in this

investigation. Schneider et al.42 showed that this parti-
culate density is a reasonable estimate of density for
PM originating from engine lubricating oil. This den-
sity was also used for PM studies on a gasoline-fueled
HCCI engine.28

Figures 12 and 13 show particle size–mass distribu-
tions from gasoline and n-butanol HCCI engines with

Figure 13. Particle size–mass distributions for n-butanol HCCI combustion with varying intake temperatures and l at (a) 1200 and
(b) 2400 r/min.
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varying intake air temperatures and relative air–fuel
ratios (l) at 1200 and 2400 r/min. Particle mass concen-
tration increased when the engine was operated with
richer mixtures at each intake air temperature for both
fuels. It was found that particle sizes close to 10 nm
had significant number concentration, but their mass
concentration was very low as compared to the peak of
mass concentration (4–5 orders of magnitude lower).
From environmental and human health standpoint,
number concentration of the particles is very important
and cannot be neglected. It can also be observed from
Figures 12 and 13 that leaner mixtures had the peak of
mass concentration at lower mobility diameters for
both fuels, but this mobility diameter was larger as
compared to mobility diameter corresponding to peak
number concentration. Peak mass concentration of par-
ticles depends on the engine operating conditions such
as mixture strength (i.e. engine load) and intake air
temperature (i.e. combustion phasing) for both fuels. It
can be observed from Figures 12 and 13 that peak mass
concentration of gasoline lies between 5.43 3 103 and
5.22 3 104mg/m3 at 1200 r/min and 6.97 3 103 and 9.95
3 104mg/m3 at 2400 r/min. Peak mass concentration of
n-butanol was between 9.97 3 102 and 5.58 3 104mg/m3

at 1200 r/min and 8.71 3 103 and 8.65 3 104mg/m3 at
2400 r/min. Maximum peak mass concentration was
higher at higher engine speeds for both fuels. Butanol
has higher peak mass concentration at 2400 r/min as
compared to baseline gasoline, similar to surface area
trend. It was also found that mobility diameters were in
the range of 52–110 and 80–110 nm at 1200 and 2400 r/
min, respectively, for peak mass concentration using n-
butanol. While gasoline had mobility diameters in the
size range of 45–110 and 80–110 nm corresponding to
peak particle mass concentration at 1200 and 2400 r/
min, respectively, almost similar to n-butanol. Mobility
diameters corresponding to peak mass concentration
were larger for both fuels in comparison to mobility dia-
meter corresponding to peak number concentration.

Conclusion

Experiments were conducted on a HCCI combustion
engine operating at different inlet air temperatures (Ti)
and relative air–fuel ratios at 1200 and 2400 r/min
using gasoline and n-butanol with an objective to inves-
tigate the effect of engine operating conditions on parti-
culate emissions. It was found that IMEP was mainly
affected by l in HCCI operating region. HCCI operat-
ing region decreased with increasing engine speed for
both test fuels. Peak particle number concentration
increased with increasing mixture strength at each
intake air temperature for both fuels. Maximum peak
number concentration was higher at higher engine
speeds for both fuels. Butanol showed higher peak
number concentration at both engine speeds as com-
pared to baseline gasoline. Particle sizes having signifi-
cant number of particles were in the range of 6–150 nm

in all test conditions. Leaner mixtures had the peak
concentration for lower mobility diameters at each
intake air temperature for both fuels. It was found that
mobility diameters were in the range of 22–52 and 39–
60 nm at 1200 and 2400 r/min, respectively, for peak
particle number concentration using n-butanol. While
baseline gasoline mobility diameters were in the size
range of 34–80 nm corresponding to peak particle num-
ber concentration at both engine speeds, which was sig-
nificantly larger than n-butanol. On increasing intake
air temperature, mobility diameters corresponding to
peak number concentration of particles moved towards
lower mobility diameters. Gasoline origin particles in
the size range of 10 nm were an order of magnitude
higher in number as compared to n-butanol. Total par-
ticle number concentration decreased as the fuel-air
mixture became leaner and increased with increase in
intake air temperature for constant fueling. Maximum
value to total number concentration of particles was
lower for baseline gasoline as compared to n-butanol
for both engine speeds. CMD of particles was in the
range of 35–80 and 20–65 nm for gasoline and n-buta-
nol, respectively, for all test conditions in HCCI oper-
ating range. Average diameter of particles emitted from
butanol was smaller as compared to gasoline. Particle
surface area and mass also increased as engine was
operated using richer mixtures at each intake air tem-
perature for both fuels. Mobility diameters at the peak
of surface area and mass distribution curves were larger
for both fuels in comparison to mobility diameters cor-
responding to peak number concentration curve.
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