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Abstract: Environmental concerns have increased significantly all over the world in the past
decade. To fulfil the simultaneous emission requirements for near-zero pollutant and low
carbon dioxide (CO2) levels, which are the challenges for the future powertrains, many studies
are currently being carried out on new engine combustion processes, such as controlled
autoignition for gasoline engines and homogeneous charge compression ignition (HCCI) for
diesel engines. These combustion processes have the potential for ultra-low nitrogen oxide
(NOx) and particulate matter emissions in comparison with conventional gasoline or diesel
engines.

In this paper, the combustion characteristics of a HCCI engine fuelled with methanol and
gasoline were investigated on a modified two-cylinder four-stroke engine. The port fuel
injection technique is used to prepare a homogeneous charge of fuel and air. The experiment is
conducted with various intake air temperatures ranging from 120 uC to 160 uC at different air-
to-fuel ratios, for which stable HCCI combustion is achieved. The experimental results indicate
that the inlet air temperature and air-to-fuel ratio have a significant effect on the maximum in-
cylinder pressure and its position relative to top dead centre, the shape of the pressure rise
curve, and the heat release rates. The results confirm that the inlet air temperature is a very
sensitive parameter in controlling combustion timing and thus the effectiveness of the HCCI
combustion process.

Keywords: controlled autoignition, homogeneous charge compression ignition, methanol,
gasoline, combustion

1 INTRODUCTION

Emissions legislations for new automotive engines

are becoming ever more stringent worldwide. A

promising technology for considerably reducing the

pollutants and fuel consumption of an internal

combustion engine is homogeneous charge com-

pression ignition (HCCI) technology. A HCCI engine

is an autoignition engine, in which a homogeneous

mixture of air and fuel is supplied to the combus-

tion chamber and is made to autoignite (detonate)

by compression alone using the movement of the

piston. Since low-temperature combustion is real-

ized using super lean mixtures, which are beyond

the flammability limits, this homogeneous combus-

tion leads to extremely low emissions and very high

combustion efficiencies.

HCCI combustion is achieved by controlling the

temperature, pressure, and composition of the air–

fuel mixture so that ignition occurs spontaneously in

the engine. Thus the required control strategy is

significantly more challenging than for a spark igni-

tion (SI) engine or compression ignition (CI) engine
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because, in HCCI combustion, the start of combus-

tion (SOC) is a complex function of chemical kinetics

and not simply controlled by spark timing as in a

SI engine or injection timing as in the case of a CI

engine.

HCCI combustion has the potential to have high

thermodynamic efficiencies and to produce ultra-

low emissions. HCCI engines can have efficiencies

as high as CI engines, while producing low nitrogen

oxide (NOx) and particulate matter (PM) emissions

[1]. Since HCCI engines can operate on gasoline,

diesel, and most alternative fuels, they can be used

with current fuel-refining capabilities. In addition,

HCCI engines have the potential to be less expensive

than CI engines because they could use a lower-

pressure fuel injection system and the emission

control system would also be less costly and less

dependent on scarce precious metals [2].

The earliest experience with HCCI was reported by

Onishi et al. [3] who described a unique combus-

tion behaviour intermediate between SI and CI. It

was called ‘active thermo atmosphere combustion

(ATAC)’. The HCCI combustion process has been

studied successfully in two-stroke engines [3, 4] and

four-stroke engines [5–11], and with liquid fuels [3–

9] and gaseous fuels [10, 11]. The HCCI family can

be distinguished according to the fuel introduction

strategy employed [12]. These strategies include port

injection [5, 6], early in-cylinder injection [8, 13, 14],

late in-cylinder injection [15], and dual-fuel intro-

duction (both in-cylinder and port injection) [12].

The first gasoline-fuelled four-stroke HCCI engine

test was published in 1983 by Najt and Foster [5].

Since then, many other HCCI test results have been

published using gasoline or other fuels. The early

investigations were on the potential of HCCI and its

characteristics. In recent years, more emphasis has

been placed on controlling the HCCI engine.

Controlling the combustion rate (burn duration)

and the SOC is essential in order to use HCCI

combustion effectively in real engines. Two distinct

control strategies can be used to control the SOC and

combustion rate [16]. First, the temperature of the

air–fuel mixture can be controlled as the inlet

temperature is a sensitive parameter in controlling

the HCCI combustion timing [10, 11, 17, 18].

Relatively simple methods use intake air heating

or external exhaust gas recirculation (EGR) to heat

the air–fuel mixture. More complex methods use a

fully variable-valve-timing system to change valve

overlap which changes the EGR rate or use a

variable-compression-ratio engine to change the

peak cylinder pressure and temperature. Second,

changing the autoignition properties of the air–fuel

mixture can be utilized. This can be done by fuel

blending, or by adjusting the air-to-fuel ratio in

conjunction with changing the percentage EGR in

the charge. By blending different fuels, the auto-

ignition properties of the air–fuel mixtures can be

changed to advance or delay the SOC. The air-to-fuel

ratio and percentage EGR affects the dilution of

the air–fuel charge. By increasing or decreasing the

dilution, the SOC is delayed or advanced respectively

[19]. In this paper, the inlet air temperature and

leaner mixture of air and fuel are used to control the

combustion rate and start of ignition.

One of the advantages of HCCI combustion is its

intrinsic fuel flexibility. In this paper, experimental

investigations of HCCI combustion are carried out

on the same HCCI engine using both methanol and

gasoline as fuels at different inlet air temperatures.

While the use of oxygenated compounds in gasoline

started in the 1920s, their use expanded considerably

in the 1970s when the rapid increase in crude oil

prices made them economically viable. Oxygenated

alcohols that are blended in gasoline are methanol,

ethanol, isopropanol and t-butanol. However, owing

to the economics of large-scale production of alco-

hol fuels, only ethanol and methanol are suitable

as stand-alone alternative fuels. The advantages of

alcohols are that they can be produced from renew-

able resources readily available and distributed

around the globe. Methanol can be derived from

either natural gas or coal and biomass [20]. Metha-

nol can be used as a HCCI engine fuel because

methanol exhibits good HCCI combustion charac-

teristics. Methanol has demonstrated a significant

widening of the HCCI operating regime compared

with gasoline. In experiments performed on a two-

stroke SI engine, methanol expanded the air-to-fuel

ratio range of operation over that of gasoline and

allowed HCCI operation in the idling condition [21].

Gasoline, however, has multiple advantages as a

HCCI fuel. Gasoline has a high octane number,

which allows the use of reasonably high compres-

sion ratios in HCCI engines. Actual compression

ratios for gasoline-fuelled HCCI engine varies from

12:1 to 21:1 depending on the fuel octane number,

the intake air temperature, and the specific engine

used. This compression ratio range allows gasoline-

fuelled HCCI engines to achieve relatively high

thermal efficiencies. A potential drawback of higher

compression ratios is that the engine design must

accommodate the relatively high cylinder pressures

that are encountered, particularly at high engine

loads. Additional advantages of gasoline include easy
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evaporation, simpler mixture preparation, and a ubi-

quitous refuelling infrastructure [2].

2 EXPERIMENTAL DETAILS

A two-cylinder four-stroke air-cooled, naturally aspi-

rated direct-injection diesel engine with a bowl-

shaped combustion chamber was modified for the

present experiment. The specifications of the un-

modified engine are given in Table 1. One of the two

cylinders of the engine is modified to operate in

HCCI mode, while the other cylinder operated like a

conventional diesel engine, thus motoring the first

cylinder for achieving HCCI combustion. A sche-

matic diagram of the experimental set-up is shown

in Fig. 1.

The test fuels used for present investigations are

methanol and gasoline. A fuel premixing system was

installed in the intake manifold. This system consists

of an electronic gasoline port injector and an injec-

tion start timing (with respect to top dead centre

(TDC)) and an injection duration controlling elec-

tronic circuit. A controlling circuit developed for this

purpose is used to control the pulse width, which in

turn triggers the fuel injector. Fresh air entering

the engine is heated by an air preheater positioned

upstream of the intake manifold. The intake air

heater is operated by a closed-loop controller, which

maintains a constant intake air temperature as set

by the user by feedback control. A thermocouple

in conjunction with a digital temperature indicator

was used to measure the intake and exhaust gas

temperatures. An orifice meter and a U-tube man-

ometer were used to measure the air consump-

tion of the engine. A surge tank fixed on the inlet side

of the engine maintains a constant airflow through

the orifice meter and dampens cyclic fluctuations.

The in-cylinder pressure was measured using a

water-cooled piezoelectric pressure transducer (Kis-

tler; model 6061B) which is mounted flush in the

cylinder head. The pressure transducer minimizes

thermal shock error by using a double-walled dia-

phragm and an integral water-cooling system. To

measure the crank angle (CA) in degrees, an optical

shaft encoder (Encoders India; model ENC58/6-

720ABZ/5-24V) is coupled with the crankshaft using

a helical coupling. The cylinder pressure history data

acquisition and combustion analysis were carried

out using a program based on LabVIEW, developed

in-house in the Engine Research Laboratory of the

Indian Institute of Technology Kanpur.

The in-cylinder pressure was recorded for 100

cycles at a CA resolution of 0.5u and averaged to cal-

culate the indicated mean effective pressure (IMEP),

rate of heat release (ROHR), mean gas temperature,

and other combustion-related parameters.

2.1 Rate of heat release

The ROHR is calculated from the acquired data

using the zero-dimensional heat release model [22].

Consequently, the main combustion parameters

were extracted from the heat release and in-cylinder

pressure curves. The ROHR was calculated as

dQ hð Þ
dh

~
1

c{1
V hð ÞdP hð Þ

dh
z

c

c{1
P hð ÞdV hð Þ

dh
ð1Þ

The following assumptions were made in this cal-

culation.

Table 1 Detailed engine specifications

Engine characteristics Specifications

Model Indec PH2 diesel engine
Injection type Direct injection
Number of cylinders Two
Bore 87.3 mm
Stroke 110 mm
Power per cylinder 4.85 kW at 1500 r/min
Compression ratio 16.5
Displacement 1318 cm3

Fuel injection timing 24u before TDC
Fuel injection pressure 210 kg/cm2 at 1500 r/min

Fig. 1 Schematic diagram of the experimental set-up:
1, intake air; 2, orifice; 3, manometer; 4, heater;
5, heater controller; 6, fuel tank; 7, fuel pump; 8,
port fuel injector; 9, pressure transducer; 10,
injection timing circuit; 11, TDC sensor; 12,
shaft encoder; 13, charge amplifier; 14, data
acquisition system; 15, dynamometer; 16, emis-
sion analyser; 17, exhaust muffler

Effect of the intake air temperature on the combustion of HCCI engines 1447
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1. The cylinder charge was considered to behave as

an ideal gas.

2. Distributions of thermodynamic properties inside

the combustion chamber were considered to be

uniform.

3. Dissociation of combustion products was ne-

glected.

4. No variation in the cylinder mass due to blow-by

was considered.

5. Heat transfer from the cylinder is neglected in this

model.

2.2 Mean gas temperature

The mean gas temperature is calculated by assuming

a uniform temperature within the engine cylinder

using ideal gas law [22]. The results are valid bet-

ween intake valve closing and exhaust valve opening.

The mean gas temperature was calculated as

T hð Þ~ P hð ÞV hð Þn hð Þ
PIVCVIVCnIVC

TIVC ð2Þ

In this calculation, the molar ratio is assumed to be

unity.

2.3 Gas exchange efficiency gge

The gas exchange efficiency is defined as the ratio of

the indicated work during the complete cycle to that

during the closed part of the cycle [23]. The gas

exchange efficiency was calculated as

gge~
IMEPn

IMEPg
ð3Þ

2.4 Combustion efficiency

The combustion efficiency was calculated from the

equation [24]

gcom~

P
ROHR

Qin
|100 ð4Þ

where SROHR is the integrated value of the heat

release rate, and Qin is the total heat value of the

introduced fuel.

The cooling losses by convective, radiative, and

conductive heat transfer through the wall of com-

bustion chamber were not considered.

2.5 Gross indicated thermal efficiency

The gross indicated thermal efficiency is defined as

the ratio of the work Wi,g on the piston during the

compression and expansion stroke to the input fuel

energy [25] according to

gi,g~
Wi,g

mf qLHV
ð5Þ

where mf is the fuel mass per cycle and qLHV is the

lower heating value of the fuel.

2.6 Relative air-to-fuel ratio l

In this work, l is the ratio of the actual air-to-fuel

ratio to the stoichiometric air-to-fuel ratio. The

results in this investigation are presented with

respect to different relative air–fuel ratios l, which

are present in the HCCI operating region. Experi-

ments were conducted on the modified engine at a

constant speed of 1500 r/min and different intake air

temperatures.

3 EXPERIMENTAL UNCERTAINTY ANALYSIS

In this paper, the combustion parameters are der-

ived from in-cylinder pressure measurement and

analysis. Details of the combustion parameter cal-

culation are given in section 2. To avoid the cyc-

lic variation and uncertainty, the average of 100

pressure cycles is employed to calculate various

parameters. The cycle-to-cycle variations in these

parameters have been given in reference [26].

Uncertainties in the measurement of different

measured quantities are analysed in this section.

Table 2 provides the range, accuracy, and percen-

tage uncertainties of various instruments used in this

Table 2 List of instruments and their ranges, accuracies, and uncertainties

Instrument Range Accuracy Percentage uncertainties

Pressure sensor 0–250 bar ¡ 0.1 ¡ 0.1
TDC sensor ¡ 1u ¡ 0.2
Shaft encoder ¡ 0.5u ¡ 0.1
Speed-measuring unit 0–1000 r/min ¡ 10 ¡ 0.1
Manometer ¡ 1 mm ¡ 1
Temperature indicator (K-type

thermocouple)
0–1000 uC ¡ 1 uC ¡ 0.15
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experiment for observing various parameters. Errors

and uncertainties in the experiments can arise from

instrument selection, condition, calibration, envir-

onment, observation, reading, and test planning.

Uncertainty analysis is needed to prove accuracy in

the experiments. An uncertainty analysis was per-

formed using the method described in reference

[27]. The percentage uncertainties of parameters

such as the air and fuel rates were calculated using

the percentage uncertainties of various instruments

given in Table 2.

For this experiment,

Total percentage uncertainty

~ uncertainty of TDCð Þ2
h

z uncertainty ofð

pressure sensorÞ2z uncertainty ofð

temperature indicatorÞ2z uncertainty of airð

flowrate measurementÞ2z uncertaintyð

of fuel flowrate measurementÞ2
i1=2

~ 0:22z0:12z0:152z12z0:22
� �1=2

~+1:1% ð6Þ

4 RESULTS AND DISCUSSION

In this section, the experimental results of HCCI com-

bustion of an engine running at different operating

conditions at a constant engine speed of 1500 r/min

are presented with methanol and gasoline as fuels.

4.1 Operating region

To study the HCCI combustion, criteria as to what

constitutes HCCI combustion must be defined. The

HCCI operation region is limited by the misfire and

the knocking. The operation boundaries are asso-

ciated with these factors (misfire and knock). The

first boundary defines the lower limit for the HCCI

combustion. At low loads, the fuel flowrate decreases

and hence the net heat release also decreases. It is

believed that the resulting gradual reduction in the

average combustion temperature results in more

unburned charge which is characterized by high

carbon monoxide (CO) and total hydrocarbon emis-

sions and by an increase in cycle-to-cycle variation.

Cycle-to-cycle variation in the combustion process

in an engine can be monitored by the cylinder

pressure transducer. Fluctuation of the IMEP is

used as a measure of cycle-to-cycle variations and

expressed as COVIMEP. The coefficient of variation

(COV) of IMEP was used in this investigation and

COV is calculated for 100 consecutive engine cycles

as standard deviation sIMEP divided by the mean

value (of IMEP) as a percentage [28] according to

COVIMEP~
sIMEP

IMEP
|100% ð7Þ

Since the drivability problems in automobiles nor-

mally arise when COVIMEP exceeds 10 per cent [26],

this study used this value for defining the misfire

boundary.

When the fuelling rate is increased (i.e. lower l),

the HCCI combustion rates also increase, intensify,

and gradually cause unacceptable noise (due to

severity of detonation); they may potentially cause

engine damage and eventually lead to unaccepta-

bly high levels of nitrogen oxide (NOx) emissions.

Therefore knocking combustion can be defined as

being at the upper limit of HCCI combustion. In

this investigation, the upper limit of HCCI combus-

tion is defined as being when the rate of pressure

rise in a cylinder exceeds 1.0 MPa CA (dP/dhmax 5

1.0 Mpa/deg CA) for each individual cycle.

The recorded pressure in the cylinder determined

the values of both COVIMEP and dP/dhmax. Therefore,

the HCCI operation region is the area in which the

value of COVIMEP is less than 10 per cent and value of

dP/dhmax is less than 1.0 MPa/deg CA. This defini-

tion is applied to the present investigation and HCCI

operating regions were found for methanol and

gasoline (Figs 2 and 3).

It was observed that, for stable HCCI operating

conditions, the engine runs at the richest mixture for

a lower intake air temperature and, at a higher inlet

air temperature, leaner mixtures can be successfully

Fig. 2 HCCI stable operating range for methanol

Effect of the intake air temperature on the combustion of HCCI engines 1449
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autoignited. Figures 2 and 3 show that the HCCI

operating region was found for methanol in the l

range 3.5–6.5 and for gasoline in the l range 2.6–4.4

for different intake air temperatures used in the

present investigation.

4.2 Cylinder pressure and rate of heat release

The cylinder pressure was measured for all operating

conditions and average of 100 cycles with a CA

resolution of 0.5u is plotted for HCCI combustion of

both fuels (methanol and gasoline). Figures 4 and 5

show the in-cylinder pressure traces and ROHR for

methanol and gasoline respectively at different rela-

tive air-to-fuel ratios l and inlet air temperatures.

For all plots, the trace with the highest maximum

pressure corresponds to the operating condition

with the richest mixture, as given by Figs 4 and 5,

and the lowest maximum pressure corresponds to

the leanest mixture.

On increasing the inlet air temperature at any

constant l, the maximum pressure in the cylinder

increases for both fuels (Figs 6(a) and 7(a)). For all

plots in Figs 4 and 5, the trace with the highest

ROHR corresponds to the operating condition with

the richest mixture, and the lowest ROHR corre-

sponds to the leanest mixture at constant inlet air

temperature for methanol as well as gasoline. It

can also be seen that the SOC is sensitive to the

temperature history during the compression stroke,

which is dependent on the inlet air temperature.

Figures 6 and 7 show a detailed analysis of com-

bustion parameters and the CA positions of meth-

anol and gasoline respectively. It can be observed

from Figs 6(a) and 7(a) that the maximum pres-

sure decreases with increase in l as less fuel is

available for autoignition and, as a result, it develops

a lower maximum pressure. On increasing the inlet

air temperature, the maximum pressure increases

for both gasoline and methanol at a constant relative

air-to-fuel ratio. It can also be seen from the fig-

ures that, at constant l and inlet temperature, the

maximum pressure in the cylinder is higher for

methanol than for gasoline. Figures 6(c) and 7(c)

show the CA positions corresponding to the max-

imum cylinder pressure for methanol and gasoline

respectively. It can be observed that CA position

for maximum pressure increases after TDC because

the fuel–air mixture becomes leaner. Figures 6(b)

and 7(b) show maximum ROHR at different engine

operating conditions for methanol and gasoline res-

pectively. It can be noted from these figures that the

maximum ROHR is highest corresponding to the

richest mixture and lowest for a leaner mixture at

constant intake air temperature since less fuel is

ignited in the cylinder. Because of advanced ignition

timing of the rich fuel–air mixture, the peak values

of the ROHR are very high for richer fuel–air mix-

tures. It can be observed from Figs 6(d) and 7(d)

that the CA position corresponding to the maximum

ROHR moves away from the TDC as the engine

was operated with leaner mixtures at a constant intake

air temperature for both gasoline and methanol res-

pectively.

The 10 per cent mass burned fractions (MBFs) of

methanol- and gasoline-fuelled engines running in

HCCI combustion mode at different engine oper-

ating conditions are shown in Figs 6(e) and 7(e)

respectively. This can be noted as the SOC in the

combustion chamber. It can be seen from the figures

that, on increasing the inlet air temperature, the

combustion starts earlier at any relative air-to-fuel

ratio because the combustion chamber temperature

increases. In HCCI combustion, the SOC depends on

chemical kinetics, which is dependent on the

pressure and temperature history inside the com-

bustion chamber. The variation in the 50% MBF at

different engine operating conditions in HCCI mode

is shown in Figs 6(f) and 7(f) for methanol and

gasoline respectively. It is observed that the 50 per

cent MBF has a similar trend to the 10 per cent MBF.

4.3 Engine load (IMEP)

One major limitation of HCCI combustion is the

requirement of a highly diluted mixture in order to

slow down the speed of the chemical reactions

sufficiently, so that the engine is not damaged and this

leads to slower combustion. With lean operation,

Fig. 3 HCCI stable operating range for gasoline
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Fig. 4 P–h and ROHR for different relative air-to-fuel ratios l at intake air temperatures of (a)
120 uC, (b) 130 uC, (c) 140 uC, and (d) 150 uC for methanol-fuelled HCCI combustion

Effect of the intake air temperature on the combustion of HCCI engines 1451
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Fig. 5 P–h and ROHR for different relative air-to-fuel ratios l at intake air temperatures of (a)
110 uC, (b) 120 uC, (c) 140 uC, and (d) 160 uC for gasoline-fuelled HCCI combustion
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this will significantly reduce the output for a given

airflow through the engine. The rich-side limit for

the IMEP is limited by the rate of combustion and

hence by the rate of pressure rise. The variation in

the IMEP at different engine operating conditions

in HCCI mode is shown in Figs 8(a) and 9(a) for

methanol and gasoline respectively. The maximum

IMEP encountered in this investigation is 3.4 bar for

methanol and 3.3 bar for gasoline with operating

boundary conditions of COVIMEP and when the

maximum rate of pressure rise is less than 10 per

cent. It can be noted from these figures that the

IMEP decreases as the engine operates with leaner

mixtures. This trend for both methanol and gaso-

line is similar.

It is worth examining the variation in the max-

imum average gas temperature inside the cylinder

since it is directly related to emissions from the

engine for HCCI combustion. With homogeneous

combustion of a premixed charge, the temperature is

expected to be the same throughout the combustion

chamber, except near the walls. This, in combination

with very lean fuel–air mixtures, gives a low max-

imum temperature during the cycle. NOx formation

is very sensitive to the peak temperature encoun-

tered during combustion. At temperatures above

1800 K, the NOx formation rate increases rapidly.

Figures 8(b) and 9(b) show the variations in the

maximum gas temperature at different engine oper-

ating conditions for methanol and gasoline fuels

Fig. 6 Combustion parameters and CA positions of methanol HCCI combustion at different
relative air-to-fuel ratios: (a) maximum cylinder pressure Pmax (b) ROHRmax, (c) CA (deg)
for Pmax, (d) CA (deg) for ROHRmax, (e) CA (deg) for 10 per cent MBF, and (f) CA (deg) for
50 per cent MBF
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respectively. It can be seen that the value of the

maximum mean gas temperature decreases with

increasing l (i.e. leaner mixtures) at any given intake

air temperature and increases with increasing intake

air temperature. It can be observed from the figures

that the maximum temperature in the combustion

chamber is for the richest mixture, which also

demonstrated the highest ROHR.

4.4 Gas exchange efficiency

The HCCI engine operates unthrottled, which re-

duces the pumping losses at part-load compared

with the conventional SI engine. The gas exchange

efficiency shows the engine losses due to the

pumping work. Figures 8(c) and 9(c) show the gas

exchange efficiencies of methanol- and gasoline-

fuelled engines respectively running in HCCI com-

bustion mode at different engine operating condi-

tions. It is observed from Figs 8(c) and 9(c) that the

gas exchange efficiency decreases as the mixture

becomes leaner for both gasoline and methanol at

any inlet air temperature. The maximum gas ex-

change efficiency for methanol is 96.36 per cent,

and for gasoline 93.47 per cent.

4.5 Combustion efficiency

The combustion efficiency is an indicator of how

well the engine is burning the fuel. 100 per cent

Fig. 7 Combustion parameters and CA positions of gasoline HCCI combustion at different
relative air-to-fuel ratios: (a) maximum cylinder pressure Pmax, (b) ROHRmax, (c) CA (deg)
for Pmax, (d) CA (deg) for ROHRmax, (e) CA (deg) for 10 per cent MBF, and (f) CA (deg) for
50 per cent MBF
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combustion efficiency is not realistically achievable

in HCCI; however, a very good combustion effi-

ciency should be around 95 per cent [23]. HCCI

operation is very sensitive to combustion timing,

as it influences the combustion temperature. Late

combustion timing means a decreased temperature

so that the combustion is inferior and the com-

bustion efficiency is lowered. Figures 8(d) and 9(d)

show the combustion efficiencies at different en-

gine operating conditions for methanol and gasoline

respectively. The formula for calculation of the

combustion efficiency is given in section 2. The

maximum combustion efficiency for methanol is

found to be 96.6 per cent and for gasoline 91.7 per

cent. It can be seen from the figures that the

combustion efficiency is lower for gasoline than for

methanol at different engine operating conditions.

The combustion efficiency improves as the inlet

temperature is raised since the autoignition points

are closer and it is easier to achieve more complete

combustion.

Figures 8(e) and 9(e) show the gross indicated

thermal efficiency for methanol and gasoline re-

spectively at different engine operating conditions in

HCCI combustion mode. The formula for calculation

of the gross indicated thermal efficiency is given in

section 2. These figures show that the indicated

thermal efficiency decreases with increasingly leaner

mixture. The maximum indicated thermal efficiency

achieved is 49 per cent for methanol and 37.95 per

cent for gasoline, in HCCI combustion mode.

The indicated specific fuel consumption (ISFC) is

the ratio of fuel consumed to the indicated power.

The indicated power is calculated from the pressure

Fig. 8 Performance parameters for methanol HCCI combustion for different relative air-to-fuel
ratios: (a) variation in IMEP; (b) maximum mean gas temperature; (c) gas exchange
efficiency; (d) combustion efficiency; (e) indicated thermal efficiency; (f) ISFC
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volume curve. Figures 8(f) and 9(f) show the ISFCs

for methanol and gasoline respectively at different

engine operating conditions in HCCI combustion

mode. It can be observed from these figures that the

ISFC decreases with increasingly leaner mixtures.

This observation is justified since the indicated

thermal efficiency has the opposite trend in the

HCCI operating region for methanol and gasoline.

5 CONCLUSIONS

The combustion and emission characteristic of a

HCCI engine were investigated using a modified

two-cylinder engine, in which one cylinder is opera-

ted in HCCI combustion mode and the other cyl-

inder is operated in conventional diesel mode at a

low load for stable engine operations. The inlet air

was supplied in the temperature range 110–160 uC
and the engine was operated at a constant engine

speed of 1500 r/min, fuelled with methanol or gaso-

line. Successful HCCI combustion is obtained in the

l range 3.5–6.5 for methanol and the l range 2.6–4.4

for gasoline. HCCI mode operation of the engine

is within a narrow load range of the engine for

both gasoline and methanol. Methanol has a wider

operating range than gasoline. The maximum IMEP

obtained during the experiment was 3.4 bar for

methanol and 3.3 bar for gasoline. The ROHR is high

and hence combustion duration is shorter (less than

20u CA) for all the conditions of engine running in

HCCI mode using both methanol and gasoline. The

gas exchange efficiency is higher for methanol than

for gasoline. The combustion efficiency of methanol

is also higher than gasoline. The maximum combus-

tion efficiency for methanol is 96.6 per cent and for

Fig. 9 Performance parameters of gasoline HCCI combustion for different relative air-to-fuel
ratios: (a) variation in IMEP; (b) maximum mean gas temperature; (c) gas exchange
efficiency; (d) combustion efficiency; (e) indicated thermal efficiency; (f) ISFC
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gasoline 91.7 per cent for the engine operating

conditions explored in this investigation. The maxi-

mum indicated thermal efficiency was found to be

49 per cent for methanol and 37.95 per cent for gaso-

line. From these results, it can be concluded that

methanol has superior HCCI combustion character-

istics compared to gasoline.

F Authors 2009
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APPENDIX

Notation

CA crank angle

CI compression ignition

COV coefficient of variation

COVIMEP coefficient of variation of the

indicated mean effective pressure

dP/dhmax maximum rate of pressure rise

EGR exhaust gas recirculation

HCCI homogeneous charge compression

ignition

IMEP indicated mean effective pressure

ISFC indicated specific fuel consumption

mf fuel mass per cycle

qLHV lower heating value of the fuel

Qin total heat values of the introduced

fuel

ROHR rate of heat release

SI spark ignition

SOC start of combustion

TDC top dead centre

Tmax maximum mean gas temperature

gcom combustion efficiency

gge gas exchange efficiency

gi,g gross indicated thermal efficiency

l relative air-to-fuel ratio
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