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ABSTRACT 
 

Agglomeration, coagulation, surface condensation, adsorption and oxidation processes are a part of particulate evolution 
process and lead to significant changes in characteristics of particulate matter (PM), when they enter the atmosphere. PM 
formation can be significantly reduced by advanced combustion concepts such as homogeneous charge compression 
ignition (HCCI). In the present study, experiments were performed in a modified gasoline fuelled HCCI engine at varying 
intake air temperatures (Ti), exhaust gas recirculation (EGR) rates and relative air-fuel ratios (λ). For particulate 
characterization, a partial flow dilution tunnel was used to collect particulate samples on a filter paper. These particulate 
samples were analysed for benzene soluble organic fraction (BSOF), trace metals, and particulate morphology using 
scanning electron microscopy (SEM). Physical characterisation of particulates was done using engine exhaust particle 
sizer (EEPS), which measured the particle size-number distribution. In the experiments, higher PM was found for richer 
fuel-air mixtures and it further increased with application of EGR. Trace metals were found to be significantly lower for 
HCCI generated PM, which increased with increasing EGR. BSOF was negligible as compared to total PM which showed 
relatively lower toxicity of gasoline HCCI particulates. Total number of particles reduced with increasing λ, however 
particulate size-number distribution curve shifted away from accumulation mode, indicating that the particulate size 
decreased with increasing λ. Higher particle size-number distribution and particle size-mass distribution were observed for 
increasing Ti. Particulate surface area and volume also increased with increasing Ti and mixture strength. 
 
Keywords: Gasoline HCCI; Particulate matter (PM); Benzene soluble organic fraction (BSOF); Trace metals; Particle size-
number distribution. 
 
 
 
INTRODUCTION 
 

Diesel and gasoline engines are biggest anthropogenic 
contributors to urban air pollution in most cities throughout 
the world. Epidemiological studies link urban fine particles 
to the adverse health impacts, including increased morbidity 
and mortality in humans, causing respiratory and cardiac 
diseases (Schwartz and Marcus, 1990; Schwartz, 1994; 
Kunzli et al., 2000; Krzyzanowski et al., 2005; Eastwood, 
2008). Due to adverse health effects of these pollutants, 
increasingly stringent emission standards are mandated 
worldwide, which require simultaneous reduction in emission 
of particulate matter (PM) and oxides of nitrogen (NOx) 
(Ellinger et al., 2001; Mose et al., 2001). PM emitted from 
automotive engines consists of soot, ash, sulfates, and soluble 
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organic fraction (SOF) containing unburned fuel, lube oil 
and other organic components (Agarwal et al., 2010). PM can 
be collected on quartz filter by filtering the engine exhaust. 
Using this particulate laden filter, PM can be separated into 
two fractions (Heywood, 1988; Ferguson and Kirkpatrick, 
2001). These fractions have different solubility characteristics 
in various organic solvents. One fraction cannot be dissolved 
in any organic solvent, which basically comprises solid 
carbon material and is termed as soot. Soot causes asthma 
and other chronic obstructive pulmonary diseases. Soluble 
organic fraction (SOF) is the other fraction of the PM, 
which gets dissolved in an organic solvent. This fraction is 
either adsorbed onto soot surface or condensed onto the 
quartz filter paper. Tan et al. (2004) reported that unburnt 
fuel, lubricating oil and their thermally synthesized products 
are the basic constituents of SOF. Gasoline PM largely 
consists of the higher molecular weight hydrocarbons and 
other organic substances, which constitute approximately 
60–99% of total particulate mass. Gasoline PM also contains 
small amount of sulphates, mainly in the form of sulphuric 
acid. Sulphuric acid is formed due to oxidation of combustion 
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generated SO2 (Nam et al., 2008). Kittelson (2006) suggested 
that formation of particles in SI combustion is highly 
dependent on engine operating conditions, compared to diesel 
combustion. Kayes and Hochgreb (1999) comprehensively 
examined PM formation in SI engines and found that total 
mass and number concentration, as well as number weighted 
mean and mode particle sizes were minimum for nearly 
stoichiometric fuel-air mixtures. They reported that particulate 
mass and total number of particles increase with increasing 
engine load. Johnson et al. (2005) found that gasoline 
engines emit lesser particulate mass as compared to diesel 
engines however gasoline particulates are significant from 
number stand-point. Several other researchers demonstrated 
that the fraction of particles emitted in the nuclei mode is 
higher in gasoline engines compared to diesel engines 
(Graskow et al., 1998; Maricq et al., 1999). Under lean 
engine operating conditions, elemental carbon or soot does 
not form in large quantities to be of any  serious importance 
for gasoline engines however it is formed in larger quantities 
for rich fuel-air mixture combustion. Apart from elemental 
carbon, there are other compounds present in the fuel and 
lubricating oil such as sulphur and phosphorus, which are 
precursors to particulate formation. Due to stringent emission 
norms, sulphur level in the fuel is reduced which prevents 
sulphate formation from gasoline engines, however significant 
amount of sulphur and phosphorus is present in the lubricating 
oil, which favours particulate formation. Singh et al. (2006) 
investigated the role of lubricating oil in soot deposition 
and trace metal emissions from an engine operated with 
exhaust gas recirculation (EGR). In another research, Agarwal 
et al. (2004) found that EGR increases the smoke opacity 
of engine exhaust which is because of higher particulate 
formation. Nam et al. (2008) and Agarwal et al. (2003) 
reported that wear particles from engine components such 
as valves, valve seals, piston rings and turbochargers also 
cause trace metal emissions in particulates such as silicon, 
calcium, zinc and phosphorus. Quadar and Dasch (1992) 
suggested that partial combustion products of carbonaceous 
nature are also formed due to spark plug fouling, which in-
turn enhances PM emissions. Rathore et al. (2010) developed 
a surface functionalized activated carbon fiber for controlling 
the engine out particulate emissions. Organic fraction of 
particulate originates from partially oxidized/pyrolysed 
fuel and lubricating oils (Williams et al., 1987; Agarwal, 
2005). Several researchers have shown that fuel is unlikely 
to be the only source of the organic fraction and lubricating 
oil contributes to it great (Abdul-Khalek and Kittelson, 
1995; Shin and Cheng, 1997). Logically, this is a function of 
combustible gas temperature in the vicinity of the cylinder 
walls, which encourages evaporation of the lubricating oil 
film from the cylinder walls, as observed for the diesel 
engines (Gupta et al., 2010). The organic fraction of 
particulate contains chemical species such as alkanes and 
alkenes, aldehydes, aliphatic hydrocarbons, PAH and PAH 
derivatives. Basically, organic fraction of particulate 
containing neutral and aromatic species turns out to be 
mutagenic and carcinogenic. The toxic potential of particulate 
was characterized by evaluating benzene soluble organic 
fraction (BSOF) of the particulate (Cheung et al., 2010; 

Agarwal et al., 2013).  
Homogeneous Charge Compression Ignition (HCCI) 

engine is a concept, wherein PM and NOx emissions are 
reduced significantly and simultaneously along with higher 
engine efficiency (Maurya et al., 2009; Agarwal et al., 2013). 
HCCI is a versatile engine technology offering excellent 
fuel flexibility because it can be used for various fuels such 
as diesel, gasoline, gaseous fuels and bio-fuels (Komninos 
et al., 2007; El-Din et al., 2010; Singh et al., 2012; Singh 
et al., 2014). In HCCI technology, combustion is initiated 
by compression heating, followed by auto-ignition of 
combustible charge at multiple locations. Several researchers 
have already established excellent NOx characteristics of 
HCCI combustion (Canakci, 2008; Maurya et al., 2009). 
Currently, efforts are directed towards minimization of 
particulate formation.  

Price and Stone (2007) reported a significant concentration 
of accumulation mode particles in HCCI combustion 
therefore it was predicted that PM mass emission would not 
be negligible in HCCI combustion mode. They compared 
the emission characteristics of conventional SI mode of 
combustion with HCCI modes of combustion and reported 
NOx emissions reduction by a factor of 5 compared to 
conventional SI mode. The unburned hydrocarbon emissions 
were 10–20% higher than conventional SI combustion mode. 
At the same operating point, the number concentration of 
nuclei mode particles was relatively lower for HCCI mode but 
it was relatively higher (by a factor of 2–3) for accumulation 
mode particles. The concentration of particulates in the 
accumulation mode (80–90 nm) was between 105–106 
particles/cm3. However particle in the nuclei mode (10–20 
nm) were between 106–107 particles/cm3. For a constant 
engine speed, number and size distribution of PM from the 
HCCI engine varies with several operational parameters 
such as valve timings, intake air temperature (Ti), relative 
air-fuel ratio, engine load and EGR rate. Kaiser et al. (2002) 
investigated particulate emissions of a gasoline fuelled 
HCCI engine using early direct injection strategy at various 
fuel injection timings. They found significantly higher 
accumulation mode particles and low nucleation mode 
particles in the HCCI combustion as compared to SI 
combustion.  

Although most researchers suggested that HCCI engine 
produces lower particulate mass, considering the large 
number of fine particles emitted, the particulate emissions 
from the gasoline HCCI engine cannot be neglected and it 
is essential to investigate this aspect comprehensively. 
Therefore this study was aimed at understanding the nano-
particulate emissions from a gasoline fuelled HCCI engine. 
Large number of researcher have used in-cylinder mixture 
preparation technique, which results in inhomogeous mixture 
leading to higher PM emissions, however in present study, 
port fuel injection strategy is used for attaining superior air/ 
fuel mixture quality. Physical and chemical characterization 
of particulate, especially for bulk toxicity and trace metals 
estimation were also done under different engine operating 
conditions with varying relative air-fuel ratio (λ) and EGR. 
In case of gasoline fuelled HCCI, intake air temperature (Ti) 
significantly affects the air fuel mixing hence experiments 
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were performed with varying intake air temperature. In HCCI 
combustion, different chemical reactions remain incomplete 
due to relatively lower in-cylinder temperatures, which result 
in emission of large number of harmful pollutants such as 
trace metals, BSOF, polycyclic aromatic hydrocarbons 
(PAHs) etc. To examine the chemical characteristics of 
PM, particulate loaded quartz filters were analysed for 
different trace metals present in engine exhaust. Scanning 
electron microscopy was also performed on particulate 
samples collected on the quartz filter paper under various 
engine operating conditions to understand the particulate 
morphology. 
 
EXPERIMENTAL SETUP 
 

The schematic diagram of the experimental setup is 
shown in Fig. 1. 
 
Engine 

The experiments were performed on a four-cylinder, four-
stroke, water-cooled diesel engine (Mahindra & Mahindra; 
Load king NEF 3200 TCI). The engine was coupled with 
an eddy current dynamometer (Dynalec; ECB 200). One of 
the four cylinders was modified to operate in HCCI 
combustion mode, while the other three cylinders operated 
in conventional CI combustion mode. These three cylinders 
were used to motor the HCCI cylinder. Installations of 
separate air intake and exhaust lines along with reduction 
in compression ratio were the main modifications done for 
attaining HCCI mode. Fuel supply system for HCCI 
cylinder was modified and manifold injector was installed 
for preparation of homogeneous charge. The technical 
specifications of the engine are given in Table 1. 
 
Engine Instrumentation 

In the experiments, preheated intake air was used to 
control the start of combustion and rate of heat release 
(RoHR). For this purpose, an external heater was installed 
and its temperature was precisely controlled using a 
proportional integral derivative (PID) controller. The air 
flow rate was measured by using hot film air mass meter 
(Bosch; HFM5). Gasoline was supplied to port fuel injector 
by a 12 V DC low pressure fuel pump, which was installed 
inside the fuel tank. Gasoline was injected at 3 bar pressure 
in the intake manifold of the HCCI cylinder, where it forms 
homogeneous mixture with preheated air. Homogeneous 
mixture strength was controlled by varying the quantity of 
injected fuel at constant air flow rate. Injected fuel quantity 
and fuel injection timings were precisely controlled by a 
microprocessor (National Instruments, cRIO-9014) (compact-
RIO Reconfigurable input-output). The signals from the 
precision shaft encoder, (BEI; H25D-SS-2160-ABZC), air 
mass meter and pressure transducer were given to the 
microprocessor. These signals were further processed using a 
LabVIEW based program, which was designed for online 
monitoring, processing and recording of various data-sets 
acquired from the engine. For controlling the HCCI mode, 
a fraction of exhaust gas was recirculated to the intake 
manifold through an EGR damper. The EGR rate was 
measured using an orifice plate and a U-tube manometer 
installed in the EGR circuit. Rate of EGR was controlled 
by an EGR valve.  

 
Particulate Sampling Procedure 

Particulate samples were collected iso-kinetically using 
a partial flow dilution tunnel. This tunnel was used to 
simulate ambient environmental conditions for particulate 
development, growth, agglomeration, and adsorption 
processes before particulate collection from the exhaust gas 
stream. It draws a fraction of exhaust gas from the main
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Fig. 1. Schematic of the gasoline fuelled HCCI engine experiment. 
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Table 1. Detailed technical specifications of the test engine. 

Make M&M Ltd., India 
Model Load King NEF 3200 TCI 

Number of cylinders 4 
Displacement volume 2609 cc 

Stroke length 94 mm 
Bore diameter 94 mm 

Compression ratio (HCCI cylinder) 16.5 
Connecting rod length 158 mm 

Maximum engine output 53.5 kW (72.7 HP) @ 3200 rpm 
Maximum torque 195 Nm @ 1900– 2000 rpm 

Number of valves per Cylinder 2 

 

exhaust line and mixes it with pre-filtered (using porous 
quartz filter paper with a pore size of 30–60 microns), 
preheated atmospheric air (51°C). The dilution ratio was kept 
constant at 10:1. For all operating conditions, flow rate of 
exhaust gas in the partial flow dilution tunnel was maintained 
constant at 3.47 m3/hr. Diluted exhaust undergoes complete 
mixing and particulate formation steps viz. condensation of 
high boiling point hydrocarbon species in gas phase onto 
the particulates (heterogeneous condensation) along with 
adsorption, absorption, agglomeration and coagulation. 
Residence time in the dilution tunnel was therefore designed 
in such a manner that these reactions are completed before 
the exhaust gas reaches quartz filter paper/sampling probe. 
Finally, particulates were collected on a quartz filter paper 
for further analyses (Gupta et al., 2010; Gangwar et al., 
2012; Agarwal et al., 2013). Sampling was done for 30 
minutes under different engine operating conditions. 

An electronic filter paper micro-balance (Sartorius; CP2-
PF) was used for weighing the de-moisturized filter paper 
before and after the particulate sampling. Total particulate 
mass was calculated by the difference in filter paper weights. 
BSOF content was analysed using a segment of particulate 
laden filter paper. BSOF mainly consists of pyrolytically 
generated organic species of fuel and lubricating oil which 
are adsorbed on to the particulate surface during its growth 
and evolution process. A plastic scissor was used to cut the 
filter paper into small pieces, which were kept in a reagent 
beaker containing 20 mL benzene. This beaker was kept in 
an ultrasonic bath for 20 minutes and then the samples were 
decanted and vacuum filtered through a 0.45 µm Millipore 
filter. The filtrate was collected in a pre-weighed beaker 
which was covered with a perforated aluminium foil. This 
beaker was kept in an oven at 40°C for 12–18 hours. As a 
result, the sample dried completely. Finally, the beaker was 
weighed  again to estimate total BSOF content of the 
particulate sample (Gangwar et al., 2011). 

The  concentrations of trace metals present in the exhaust 
particulates were determined by inductively coupled 
plasma optical emission spectroscopy (ICP-OES) (Thermo 
Fischer Scientific; iCAP DUO 6300 ICP). In this technique, 
simultaneous and sequential analysis of multiple trace 
elements is possible which makes it very important for 
engine exhaust particulate characterization. Engine exhaust 
particle sizer (EEPS) (TSI; 3090) was used for physical 
characterization of the particulate. EEPS can measure size-

number distribution of particulates in the size range of 5.6–
560 nm with a resolution of 16 channels per decade (a total 
of 32 channels). For this measurement, a fraction of exhaust 
gas was drawn from the main exhaust pipeline and diluted 
using rotating disc thermo-diluter (Matter Engineering; 
379020) in order to lower the particle concentration and 
bring in within the measurement range of the EEPS. EEPS 
uses a corona charger to put a predictable charge on  each 
particle, depending on its size and surface area. The charged 
particles are introduced near the centre of the column. 
Depending on the mass of the particles, these particles get 
attracted to one of the several ring  type electrometers, 
which are mounted along the axis of the instrument and 
transfer their charge to these electrometers. The charge 
collected by these electrometers is then used to calculate 
the number of particles of that particular size range. Upto 
10 sweeps of these measurements are possible in 1 second. 
For data storage, EEPS is coupled to a dedicated computer. 
This system therefore provides information of particle size-
number distribution, size-surface area distribution, size-
volume distribution or size-mass distribution. 
 
RESULTS AND DISCUSSION 
 

The particulate samples were collected using a partial flow 
dilution tunnel on a quartz filter paper. These particulate laden 
filters were analysed for BSOF, trace metals and morphology. 
For particulate characterization, gasoline HCCI experiments 
were carried out at varying relative air-fuel ratios (λ) and 
EGR rates.  
 
Particulate Mass Emission and BSOF 

The exhaust samples were collected on a quartz filter paper 
for 30 minutes under different engine operating conditions 
for analysing the effect of HCCI engine operating parameters 
on particulate characteristics. In this study particulate 
emissions cannot be expressed in g/kWh because HCCI 
experiments were performed in only one cylinder of the 
modified engine and the remaining three cylinders were 
operated in conventional CI combustion mode. This led to 
difficulty in estimating brake power output from each 
individual cylinder hence it is not feasible to estimate 
particulate mass emissions from HCCI cylinder. The results 
of particulate mass (mg) collected on the quartz filter paper 
in 30 minutes sampling duration under identical sampling 
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conditions gives a reasonably good idea about the relative 
particulate emissions. Fig. 2 shows the trend of particulate 
mass collected on the filter paper with increasing λ at three 
different EGR conditions. As  increases, the mixture 
becomes leaner therefore lower fuel quantity is injected, 
which  leads to lower PM mass emissions. EGR was used to 
control the RoHR in HCCI combustion but it leads to a NOx-
PM trade-off. Fig. 2 shows that particulate mass emission 
increases with increasing EGR rate, which is because of 
lower in-cylinder temperatures due to higher EGR. As a 
consequence, increase in EGR leads to lower NOx emissions 
and higher PM mass emissions in HCCI combustion also. 
Highest  PM mass emission was found at λ = 2.5 and 30% 
EGR. Collected particulate samples were then analysed for 
BSOF but BSOF traces were not found in the particulate 
samples on the filter papers. This observation is in line with 
the findings of Kittelson (2006) where they indicated that 
gasoline fuelled engine has insignificant soluble organic 
fraction. Since there is no BSOF in the particulates, the 
size-number and size-mass distribution of particulates 
move away from the accumulation mode with increasing λ.  
 
Trace Metals 

Experiments were conducted on particulate samples 
collected on the filter paper for determining the trace metals 
and their variation with changing λ and EGR (Fig. 3). 
Some of the trace metals were below the detection limit of 
the instrument. In the present experimental investigation, 
only those metals are reported which could be measured 
with 90% confidence level. Ba, Cr, Ca, Fe, Cu, Pb and Ni 
were found to be important trace metals in the gasoline 
HCCI particulates. 

Fig. 3 shows that for all HCCI engine operating conditions, 
trace metal content in the particulate increases with increasing 
λ. Relatively lower in-cylinder temperature prevailing in 

the combustion chamber of the HCCI engine at higher λ 
was the main reason for this trend. At λ~2.5, particulate 
quantity emitted was higher (Fig. 2) therefore when the 
trace metal concentrations per unit particulate mass were 
calculated, it becomes they were found to be quite low. 
With increasing λ, fuel quantity supplied in every cycle 
was very low therefore significantly lower PM (mass) was 
formed and the trace metal emission per unit particulate 
mass at higher λ became relatively higher. Trace metal 
concentration showed increasing trend with EGR and was 
observed to be maximum for 30% EGR. High trace metal 
emissions occur due to recirculation of these trace metals 
with EGR, which dominates the relatively higher particulate 
mass formed due to EGR. At lower temperatures, large 
amount of trace metals were emitted due to inferior 
combustion. Among the trace metals detected, calcium, 
barium and iron concentrations were relatively higher 
compared to other metals. Nickel, chromium and lead were 
detected in lowest concentrations for all engine operating 
conditions. Main sources of trace metals in particulates are 
fuel, lubricating oil, ambient dust and engine wear. Calcium 
is present in both, lubricating oil as well as gasoline, in the 
form of oxide (CaO). This is a primary calcium traces in 
the particulates from gasoline HCCI engine. Ca traces 
increase with increasing λ due to lesser fuel injected in one 
an engine cycle, which leads to relatively higher degree of 
incomplete combustion inside the combustion chamber. 
Fig. 3 shows an increasing trend of iron traces in the 
particulates with increasing λ. Iron originates primarily 
from engine wear. When the mixture is relatively richer, 
higher particulates mass is generated; thereby reducing the 
iron concentration in the particulates. Small concentration 
of nickel is used as an additive in the lubricating oil as Nickel 
ethoxy-ethylxanthate, in order to improve lubrication quality. 
During combustion, these additives dissociate to release

 

 
Fig. 2. Particulate mass collected on a quartz filter paper in 30 minutes with varying λ and EGR rates from a gasoline 
HCCI engine. 
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Fig. 3. Trace metals in Gasoline HCCI particulates with varying λ and EGR. 

 

nickel, which is seen as trace metal in the exhaust particulates 
and has potential harmful health effects for humans. Copper 
originates from lubricating oil as well as wear of engine 
components. Copper concentrations in particulates increase 
with increasing λ (Fig. 3). Chromium and barium originates 
from the lubricating oil as well as from wear debris of the 
engine components. Lead was also found in gasoline HCCI 
particulates as trace metal. Main source of lead is from the 
small wear debris generated from engine components such as 
piston and liner. The lead effects most commonly encountered 
in human population include neurological disorders in 
children and cardiovascular symptoms (e.g., high blood 
pressure and heart disease) in adults (Dwivedi et al., 2006). 
 
Particulate Number- Size Distribution 

Number and size distribution of particulate emitted was 
measured using EEPS. In the present investigation, physical 
analysis was performed at different λ (ranging from 2.4 to 
2.8) and varying intake air temperatures (Ti = 140, 150 and 
160°C) because both parameters significantly affect the 
combustion quality. Fig. 4 shows relatively higher number 
concentration of particulates at lower λ and vice-versa. 
Combustion of higher fuel quantity inside the engine 
combustion chamber leads to formation of higher particulate 
mass (Fig. 2). This effect is also seen in the particulate 

number-size distribution (Fig. 4).  
The peak of the graph starts in the nano-particle region 

(Dp < 50 nm) and moves upto ultra-fine region (Dp < 100 
nm). Experiments show that particle size became finer and 
the number concentration decreased for leaner mixtures. 
Particle number concentration increased with increasing Ti 
however particle size reduced with higher intake air 
temperature. Ti affected the nano-particles significantly and 
nano-particle number concentration increased with increasing 
Ti. However nano-particle concentration was less affected 
with variations in λ. Large number of particulates at lower 
λ can be correlated to higher interaction between fuel and 
air inside the combustion chamber. The particulate number 
concentration ranges from 6 × 106 to 1.7 × 107 particles/cc 
for all Ti, which is significantly lesser as compared to 
conventional SI engine (Gupta et al., 2010). Large number 
of particles were in range of 20–80 nm. 

Fig. 5 shows the total particle concentration for different 
λ and Ti. It clearly indicates that total particle concentration 
increases with increasing Ti however it reduced with 
increasing λ. At lower λ, mixture became rich and caused 
larger amount of unburnt charge to remain trapped in the 
crevices. However at higher intake temperatures, knocking 
causes inferior combustion. In both cases, more soot 
precursors were generated which caused higher number
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Fig. 4. Particulate size-number distribution for varying λ and Ti in gasoline HCCI engine. 

 

concentration of particles. In all engine operating conditions, 
total particle concentration ranged from 3.42 × 107 to 6.24 
× 107 particles/cc. 

 
Particulate Surface Area-Size Distribution 

Fig. 6 shows the surface area-size distribution of the 
particulates for different values of λ and Ti. Particle surface 
area was calculated by assuming exhaust particulates to be 
perfectly spherical. 
 
dS = dN.(Dp)

2 (1) 
 
where dS is the area concentration of size range with mean 
diameter Dp and dN is the number concentration of 
particulates with mean diameter Dp. The surface area vs. size 
distribution is very important from toxicological point of 
view. It is a measure of active sites available for adsorption 
of volatile hydrocarbon species and PAHs. These species 
are largely toxic species. Particulate surface area distribution 
is also a measure of interaction between particulates and 
respiratory system of living beings, which in-turn determines 
their effect on the health. In the experiments, PM surface 
area increased with lowering λ, however distribution curve 
shifted towards left for leaner mixture conditions. At lower 
temperatures, tendency of condensation of gaseous species 
(combustion products, unburnt fuel and lube oil) was higher 
hence particle surface area was also seen to be higher. As 
Ti increased, particulate surface area slightly reduced due 
to relatively higher oxidation of soot particles and lesser 

condensation of combustion products (for 150°C). However at 
higher Ti (for 160°C), slightly higher surface area distribution 
was observed due to large particulate concentration, which 
dominated lower condensation of gaseous products. Surface 
area of nano-particles was slightly affected by the intake 
air temperature as well as λ. 
 
Particulate Volume- Size Distribution 

Fig. 7 shows the volume size distribution of particulate 
at different λ and Ti. The volume vs. particle size curve 
represents the volume of the particles in that particular size 
range. Harris and Maricq (2002) suggested that particulate 
volume distribution with size depends on the mean diameter, 
number and fractal dimensions of the particulates. In the 
experiments, higher particulate volume was seen for richer 
mixture conditions however particulate volume slightly 
increased with increasing Ti. As Ti increased, peak of 
particulate volume curve shifted towards higher particle size, 
thus indicating that larger particle volume was contained by 
ultra-fine range of particulates. However peak of particulate 
volume curve shifted towards larger size at lower λ. Similar 
to surface area, volume-size distribution of nano-particle 
was slightly affected by λ and intake air temperature. In all 
engine operating conditions, maximum particulate volume 
went upto 1.12 × 1012 nm3/cc. 

 
Particulate Mass-Size Distribution 

Fig. 8 shows the particulate mass emissions from the 
engine (µg/m3 of exhaust gas). Ti and λ, both have profound
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Fig. 5. Total particulate concentration for varying λ and Ti in gasoline HCCI engine. 

 

effects on particulate emission (Fig. 5). If the particulate 
mass is higher for larger particles then the possibility of their 
settling down will also be higher because heavier particles 
tend to settle faster. However tiny particles have higher 
ambient retention time as compared to larger particles. In 
these experiments, particulate mass decreased with increasing 
λ. The particulate mass emission was highest, when the 
mixture was rich (λ = 2.4), which was approximately 1900 
µg/m3 of exhaust. Similar trends were obtained by chemical 
analysis of particulate laden filters (Fig. 2). The curve shifted 
away from accumulation mode with increasing λ. The 
particulate mass was low at relatively lower Ti and increased 
with increasing Ti due to increasing knocking tendency.  
 
Morphology of the Gasoline HCCI Particulate 

SEM images were taken for the samples collected on the 
filter paper (30 min sampling duration) from the partial-

flow dilution tunnel for varying λ and EGR. The samples 
were magnified 1200X and the micrographs of different 
particulate laden filters are shown in Fig. 9. 

Most of the particulate emissions were in the nano-
particle range (Figs. 4 and 8); hence it was very difficult to 
have a comparison of the amount of particulate emitted from 
the engine. The morphology of the blank filter is shown in 
Fig. 9; in order to distinguish the particulate emitted by the 
gasoline HCCI engine. It can be observed that the filter papers 
were almost clean under all engine operating conditions, 
except at λ = 2.5 and λ = 3, where some particle agglomerates 
were observed in these micrographs. One can also observe 
that the number of particulates collected on the filter paper 
increased with increasing EGR and these results validated 
the earlier observations (Fig. 2). 

Present study shows the difference between emission 
characteristics of HCCI engine and conventional CI and SI



 
 
 

Agarwal et al., Aerosol and Air Quality Research, 15: 504–516, 2015 512

     
Fig. 6. Particulate surface area-size distribution for varying λ and Ti in gasoline HCCI engine. 

 

     
Fig. 7. Particulate volume-size distribution for varying λ and Ti in gasoline HCCI engine. 
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Fig. 8. Particulate mass concentration-size distribution for varying λ and Ti in gasoline HCCI engine. 

 

engines. In conventional CI engines, particle number desnity 
reaches upto ~109 particles/cc (Agarwal et al., 2013) 
however SI engines emit particle density upto ~5.0 × 107 
particles/cc (Srivastava et al., 2011). This study shows that 
gasoline fuelled HCCI engines emit particles within a 
range of ~7 × 106 particles/cc, which is significantly lower 
compared to conventional engines. Physical characteristics 
of gasoline HCCI particles are also different from particles 
emitted in conventional combustion modes. In CI combustion, 
maximum number of particles emitted are in size range of 
100–150 nm however in SI combustion, particle sizes are 
very low and maximum particle concentration lies in the size 
range of 20–50 nm. However in gasoline HCCI combustion, 
most of the particles are in size range of 50–100 nm (between 
nano-particle range to ultra-fine particle range), which 
seems to be a distinct property of HCCI engines. Similar 
particle number-size distribution is also reported for diesel 
HCCI combustion under similar experimental conditions 
(Agarwal et al., 2013). Under the same test procedure and 
experimental conditions, particulate mass is found to be 
slightly higher for diesel HCCI as compared to gasoline 
HCCI. BSOF was negligible in gasoline HCCI. Trace metal 
emission characteristics of diesel HCCI are also different 
from gasoline HCCI. In gasoline HCCI Ca, Ba, Cu and Fe 
are the dominating trace metals in particulates however in 
diesel HCCI Zn, Mn, Fe and Si are found in large 
proportions in the particulates. SEM images of gasoline 
HCCI particulate laden filter show lower particle density 
than diesel HCCI filter, which reflect lower PM emissions 

from gasoline HCCI. 
 
CONCLUSIONS 
 

Particulate matter (PM) emissions from HCCI engine 
largely depend on the EGR rate, relative air-fuel ratio (λ) 
and inlet air temperature (Ti). Particulate mass collected 
from the dilution tunnel increased with increasing EGR 
rate and it decreased with increasing λ. The particulate 
samples were analysed for trace metals (Ca, Fe, Ba, Pb, 
Cu, Cr and Ni). Most of the trace metals were relatively 
higher at higher EGR rates. Surface area, volume/mass, 
number and size distribution of gasoline HCCI exhaust 
particulates was obtained by engine exhaust particle sizer 
(EEPS), which validated the above-mentioned statement. It 
was observed that most of the particles emitted were in the 
ultra-fine particle size range and their distribution moved 
away from the accumulation mode particle size range. 
Total particle concentration reflected the general trend that 
the particle number concentration increased with increasing 
Ti however it reduced for leaner mixture conditions. The 
reason for this trend was negligible BSOF formation in 
HCCI mode of combustion, which suggested that the 
gasoline HCCI particulates are inherently less harmful. 
Particulate surface area distribution curve showed that 
toxic substance carrying capacity of particulates decreased 
slightly with increasing Ti however it increased at higher λ. 
Particulate mass-size distribution was calculated and it 
validated the results of chemical analysis. Scanning electron
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Blank Filter  

 
λ~2.5, EGR = 0% λ~3, EGR = 0% λ~3.5, EGR = 0% 

 
λ~2.5, EGR = 30% λ~3, EGR = 30% λ~3.5, EGR = 30% 

Fig. 9. SEM micrographs of HCCI particulate laden filters vis-à-vis blank filter. 

 

microscopy (SEM) results also verified earlier observations. 
The SEM images showed that the particulate emissions 
from the gasoline fuelled HCCI engine were negligible, 
rendering this combustion mode more environment benign 
from particulate toxicity point of view.  
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