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Abstract

Combustion characteristics of a 2.8 kW, constant speed, spark ignition engine fuelled
with methanol-gasoline blends (M15 and M85) were studied. It was observed that the
maximum in-cylinder pressure and maximum heat release rate with M85 were almost like
gasoline while these values were significantly lower with M15. The flame development
duration was 30.5% and 5.5% shorter at lower and higher loads respectively with M85 as
compared to gasoline. In addition to this, the flame propagation duration was shorter by
37% and 14.28% at a lower and higher load with M85. Similar results were obtained with
M15 blend. The crank angle for fifty percent mass burnt fraction was near to the top dead
center of the engine with both the blends as compared to gasoline. The methanol-gasoline
fuelled spark ignition engine’s important combustion characteristics including heat release
rate, cumulative heat release, combustion duration, flame development, propagation, and
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1. Introduction

The utilisation of conventional fuels for the transportation of
people and goods is contributing to global warming and poor local
air quality. Alcohols are alternatives to conventional fuels which
help in mitigating the pollution level. Alcohols increase the octane
number of the fuel and lower down the carbon monoxide (CO) and
oxides of nitrogen (NOX) emissions [1]. They are more robust
against the changes in fuelling in an internal combustion engine
(IC) as compared to gasoline [2]. Methanol is one of the alcohols
which can be a better substitute for gasoline in a spark ignition (SI)
engine. It got attention during the 1980s and 1990s when it was
demonstrated in fleet trials. The embedded oxygen in the molecule
of methanol aids in the conversion of carbon monoxide to carbon
dioxide [3]. Itis reported that utilisation of water blended methanol
with high compression ratio engine improved the fuel economy
along with low NOx emission [4]. The adiabatic flame temperature
of methanol is lower than gasoline. It ensures lower thermal losses
and is thus beneficial in the improvement of the thermal efficiency
of the engine. Properties of methanol and gasoline fuels are com-
pared in Table 1. The higher flame velocity of methanol indicates
that the engine can tolerate the high amount of exhaust gas recir-

culation. Furthermore, the high flame velocity ensures fast com-
bustion and further reduces the chances of autoignition. A high au-
toignition temperature suppresses the onset of knock. Therefore,
the thermal efficiency of a methanol fuelled engine can be im-
proved by increasing the compression ratio of the engine. The high
thermal efficiency of the engine could offset the effect of the lower
calorific value of methanol as compared to gasoline. In addition to
this, the storage of methanol is like gasoline. The cold starting issue
with the methanol engine could be dealt with by using decomposed
methanol i.e. a mixture of carbon monoxide and hydrogen for start-
ing the engine [5]. All these features of methanol fortify its suita-
bility as fuel for spark ignition engine.

1.1 Combustion chemistry of methanol

Alcohols contain a hydroxyl (OH) group attached to the hydro-
carbon chain. The OH group is responsible for their unique reac-
tion kinetics. It results in weak carbon to hydrogen bond strength
where a carbon atom is bound and hydrogen bonding with OH and
HO, radicals. Combustion reaction in alcohols involves the H-
atom abstraction. At low and intermediate temperatures, OH and
HO, radicals abstract the H-atom. Under high temperature and
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fuel-rich conditions, H radicals abstract the H- atom during com-
bustion [7]. The primary consumption pathway for methanol in-
volves the hydrogen abstraction by OH radicals during lean and
stoichiometric conditions [8][9]. Lee et al. studied the thermal de-
composition rate of methanol using reflected shock waves by
atomic resonance absorption spectrometry of H atoms from 1660
to 2050 K [10]. Aranda et al. studied the oxidation mechanism of
methanol-oxygen mixture diluted with nitrogen at high pressure
(20 to 100 bar) and temperature between 600-900 K. They reported
that increasing the pressure lowers the temperature for oxidation.
The main mechanism of the reaction involves the abstraction of
hydrogen by H and OH radicals [11].

Table 1. Properties of methanol and gasoline [3] [6]

Property Unit Methanol Gasoline
Chemical formula - CHsOH Various
Density (STP) kg/m? 790 740
0,
Oxygen content (by n/10ass) 50 0
Research octane number - 109 95
Heat of vaporization kd/kg 1100 180-350
Stoichiometric AFR ka/kg 6.5 147
Lower heating value MJ/kg 20 429
Flame speed (NTP and
lambda = 1) m/s 0.42 0.28
Adiabatic flame K 2143 2975
temperature
Minimum ignition energy mJ 014 025
in air ) '
Quenching distance mm 1.85 2.0
Autoignition temperature K 738 465-743

1.2 Application of methanol in SI engine

Geng et al. [12] reported that the peak in-cylinder pressure and
rate of heat release increased with the content of methanol in the
blend M15 as compared to base gasoline. The duration of combus-
tion decreased with the blends due to the high flame velocity of
methanol. Zhao et al. [13] reported that CO and HC emissions
were lower while NOx was higher with M15 blend as compared to
gasoline. Zaid et al. [14] reported that the thermal efficiency of the
Sl engine improved with blends M3, M6, M12, and M15. Further-
more, Ozsezen [15] reported that with methanol/ethanol-gasoline
blends, peak in-cylinder pressure and bmep of Sl engine were
higher than pure gasoline. Yanju et al. [16] reported that the in-

cylinder pressure increased with the level of methanol in the blends:

M10, M20, M85. CO and NOx emissions decreased while brake
thermal efficiency improved with the increase of the percentage of
methanol in the blends. Zhang et al. [17] reported that the flame
development angle and flame propagation duration decreased with
hydrogen addition (by vol. 1% and 2%) in a Sl engine fuelled with
methanol. Wang et al. [18] reported that in a gasoline direct injec-
tion engine fuelled with M15, M25, and M40 blends, CO, HC and
NOXx emissions were decreased. Similarly, Iliev [19] reported that
CO, HC, and NOx emissions decreased with methanol-gasoline

blends. Elfasakhani [20] concluded that methanol gasoline blends
were better in terms of performance and emission characteristics
as compared to ethanol-gasoline blends. Utilisation of Methanol in
a diesel engine has also been reported [21], [22]. Literature analy-
sis indicates that the performance and emission characteristics of
S| engine fuelled with various methanol-gasoline blends has been
studied extensively. However, an exclusive study on combustion
characteristics of M15 and M85 is scanty in the literature. This
study brings out the combustion related key features of gasoline-
methanol blends and focuses to find out a better blend suitable for
a spark ignition engine.

2. Experimental details and methodology

A four-stroke single-cylinder SI Genset engine was used for per-
forming the experiment. An alternator with a rated power of 2.1
kVA at 50 Hz and 220 V was connected at the output shaft of the
engine. The specifications of the engine are given in Table 2. The
throttle opening was controlled by a mechanical governor con-
nected to the crankshaft. The speed of the crankshaft was 3000 =
50 rpm. The carburettor supplied the air-fuel mixture to the engine.
Ignition timing was kept constant at 20 degrees before the top dead
center. The engine is equipped with a transistorised coil type of
ignition system. A piezoelectric pressure transducer was used to
measure the in-cylinder pressure. The sensitivity of the pressure
sensor is 45 pC/bar. The crank angle was measured by using an
optical angle encoder with a crank angle resolution of 0.1 degrees.
The blends were made on a volume basis. M15 is a blend consist-
ing of 85% gasoline with 15% methanol by volume. Similarly,
M85 blend was prepared while M100 is pure methanol fuel. Table
3 shows the sensitivities in various instruments used during the ex-
periment. In-cylinder pressure data was acquired through AVL In-
dicom Mobile 2014 software. An average of 100 cycles was ac-
quired for analysis. Figure 1 illustrates the experimental setup.

Intake Valve Pressure Sensor

Air Filter

Fuel Injector l Spark Plug
l Air Flowmeter \4 l
v xwﬁ Exhaust Valve
O

=

T

I Combustion Analyser

Crank Angle Encoder Laptop

Fig. 1. Experimental test set up

Heat release (Q) per degree crank angle (C.A) was calculated
using Equation 1[23]
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where, where, SOC is the start of combustion considered as the C.A at

P (Pascal) - In-cylinder pressure
V (m®)- Instantaneous volume of the cylinder
y - Ratio of specific heats C,and C,

Table 2. Specifications of the engine

Specification Unit Value

No. of cylinders B 1

Bore x Stroke mm x mm 76 X 60
cm3

Swept volume 272

Compression ratio B 7.2:1

Rated power kw 2.8

Type of cooling system - Forced Air-cooled

Table 3. Sensitivity in various instruments

Parameter Sensitivity of instruments
Fuel flow meter 0.01 g/s

Air flow meter 0.001 g/s

Pressure transducer 45 pClbar

Optical encoder 0.1 %crank angle

Qn: s the heat transfer through cylinder walls and was calculated
using Equation 2
dQnt aA
— =T -=T,)— 2
h (W/m?K) - Convective heat transfer coefficient (From Woschni's
correlation) [23]
A(m?)- Instantaneous surface area of the chamber
T,,(K) — Mean cylinder wall temperature
Volume per degree C.A was calculated using Equation 3 [23].

1 R+1—Cosf
V=V L3 CR=D g _ i} 3)
where
R- Ratio of connecting rod length to crank radius
V.- Clearance volume of the cylinder
Rate of pressure rise per degree C.A was calculated using Equation

4,
ap
o =P~ P )

The cumulative heat release (Q,,.) was calculated by using Equ-

ation 5.
Qeum.(8) = Qo + Qg1 ®)
The flame development angle (ignition delay) was calculated by
Equation 6.

soc
ID = [ .0, d0 (6)

The flame propagation angle (combustion duration) was calculated

by Equation 7.

which 5% heat is released while EOC is the end of combustion
considered as the C.A at which 90% heat is released. The angles
represent the duration of the event.

The laminar flame speeds for methanol-isooctane blends is calcu-
lated using Equation 8 [24]

0 1
S =
u,fva
f <1_fv,alc>+( fv,alc
0 0
SC8H18 SC8H18U,CxHYO

where, fy ¢ is the volume fraction of alcohol in the blend.

®)
)

3. Results and discussion

Fig. 2 indicates the laminar flame speed for methanol-isooctane
blends. Methanol addition is the most effective to improve flame
propagation with isooctane as compared to C; to Cs alcohols [24].
At equivalence ratio (ER) 0.8, the laminar flame speed with M15
and M85 was 8% and 25.6% higher than isooctane. It was 3.1%
and 20.2% higher than isooctane in the case of ER 1. These values
are obtained at a temperature of 363 K and pressure 0.1 MPa and
it gives a basic insight into the reason for the increase in flame
speed of blend with methanol content. It can be inferred that the
laminar burning velocity did not increase substantially with M15
as compared to M85.
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Fig. 2. Laminar flame speed for methanol-isooctane blends

Fig. 3 depicts the in-cylinder pressure with M15, M85, and gas-
oline. The maximum in-cylinder pressure with M15 is lower than
gasoline by 10.6% while with M85 it is almost equal. The maxi-
mum in-cylinder pressure increased with the content of methanol
in the blend and there is a slight shift of peak towards the top dead
center. With the increase of methanol content in the blend, H and
OH radicals increased leading to an increase in the reactivity and
thus flame propagation [24]. Methanol with high flame speed
burns the charge rapidly and therefore peak pressure was higher
with M85 than M15.
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Fig. 3. Pressure-theta variation with different methanol-gasoline blends

Fig. 4 shows the log PV curve with M15, M85, and base gaso-
line. The degree of constant volume combustion with M85 and
gasoline is equal while with M15 is the lowest. An increase in the
flame speed with M85 decreased the time span for combustion
leading to enhancement of constant volume combustion.

15
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Fig. 4. Log PV curve

Fig. 5 shows the change of heat release rate with M15, M85, and
gasoline. The value of the highest rate of heat release with M15
and M85 is lower than gasoline by 18.35% and 6.4% respectively.
The heat release is an outcome of the combustion of fuel. As the
quantity of methanol increased in the blends, the chemical reactiv-
ity increased due to the presence of more H and OH radicals as
compared to base fuel. The carbon to hydrogen bond is weaker in
methanol due to the presence of OH radical with it. The weaker
bonds are easier to break when combustion is initiated. In addition
to this, the intermediate species formed during methanol combus-
tion are low molecular weight species than that with gasoline.

These factors resulted in an increased heat release rate with meth-
anol content in the blend.

Power = 2.5 kW

25 Spark timing = 20 btdc
2 20 M15
R
= M85
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Fig. 5. Heat release rate with methanol-gasoline blends

Fig. 6 shows the change of cumulative heat release with M15
and M85 at a load of 2.5 kW. The maximum cumulative heat re-
lease with M15 and M85 is 1.5% and 0.18% respectively which
are lower than gasoline. The fuel consumption increased with
blends due to the lower calorific value of methanol and the total
heat energy produced through combustion is almost equal to all the
cases.

Power = 2.5 kW
Spark timing = 20 btdc
450
400
= 350
P M15
3 300 .
< M85
§ 250
G
2 200
g
E 150
g 100
>
© 50
== ——9
-20 50 20 40
C.A (deg.)

Fig. 6. Cumulative heat release with M15 and M85 blends

Fig. 7 depicts the variation of flame development angle with
M15 and M85 at 0.5 kW and 2.5 kW. At 0.5 kW, the flame de-
velopment angle with M15 and gasoline is the same while with
M85 it is shorter than gasoline by 30.5%. At 2.5 kW, with M15, it
is 11.1% more than gasoline while with M85 it is 5.5% shorter than
gasoline. It was observed from the results that M15, is almost equal
to or slightly more than gasoline. In the case of M85, the flame
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development period was slightly shorter than gasoline at both loads.

At a higher load, more fuel is inducted inside the cylinder. The cal-
orific value of methanol is lower than half of gasoline. Therefore,

its consumption was more resulting in an increase in oxygen intake.

The embedded oxygen in the methanol enhanced the combustion
rate and the minimum ignition energy of methanol is lower (0.14
mJ) than gasoline (0.25 mJ) (refer Table 1). These factors were
responsible for the initiation of combustion rapidly and thus caus-
ing a shorter flame development period at a higher load and with
M85. However, in the case of M15, these factors might not be
stronger on account of the lower methanol content in the blend.

—~ 40
8
2 35
=
2 30
(=]
c
ii 25
g = M85
o 15
2 G
0 10
()
g 5
LL

0

0,5 2,5
Power (kW)

Fig. 7. Flame development angle with M15 and M85 blends at different
load

Fig. 8 shows the variation of flame propagation angle at differ-
ent loads with M15, M85, and gasoline. At 0.5 kW load, with M15
and M85, the flame propagation angle was 3% and 37% lower re-
spectively than gasoline. At 2.5 kW, it was 3.5% and 14.28% lower
with M15 and M85 respectively as compared to gasoline. It was
observed that at higher loads, the duration of combustion was
shorter than at lower loads. At higher load, the fuel consumption
was more resulting in high in-cylinder temperature. High in-cylin-
der temperature accelerated the combustion reactions. The dura-
tion of flame propagation decreased with M15 and M85. With the
increase in alcohol percentage, oxygen content inside the charge
increased. More oxygen content of alcohols (50% by mass in
methanol) increases the flame speed of their blends [24]. High
flame speed decreased the flame propagation angle with M85.
However, with M15, the propagation was marginally lower than
gasoline as it is evident from its in-cylinder pressure- curve and
laminar burning velocity.

100
90 = M15
80 = M85
70 G
60
50
40
30

: I

10

2,5

0,5

Flame Propagation Angle (degree)

Power (kW)

Fig. 8. Flame propagation angle with methanol-gasoline blends at differ-
ent loads

Fig. 9 shows the (C.A.) crank angle for 50% mass burnt fraction.
At 0.5 kW, with M15 and M85, it is 13.4% and 47.7% lower than
gasoline. At 2.5 kW, with M15 and M85, it is 41.6% and 58.3%
which are lower than gasoline. With the increase in methanol con-
tent in the blend, the C.A. 50% is shifted towards the top dead cen-
ter. With all the fuel blends, the spark timing was constant. The
fifty percent mass burnt fraction was near to TDC in the case of
blends as compared to gasoline. It is observed from the figure that
considerable (50%) heat energy is available in the engine in the
early phase of expansion stroke with blends. It implies that conver-
sion to useful work would be higher with blends. It would enhance
the brake thermal energy of the engine with M15 and M85 as com-
pared to gasoline. In the case of gasoline, the heat-to-work conver-
sion would take place in the latter part of the expansion stroke
where the in-cylinder pressure would decrease. Therefore, a de-
crease in the thermal efficiency of the engine could be expected.

70 mM15

60
5 M85

G

C.A. for 50% mass burnt fraction
(deg.)

. §
0
0,5 25

Power (kW)

Fig. 9. C.A. for 50% mass burnt fraction with methanol-gasoline blends
at different loads
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4. Summary

M85 blend resembles gasoline in terms of various combustion
characteristics. The peak in-cylinder pressure and maximum rate
of heat release are almost equal in both fuels. The overall burning
angle was shorter with M85 than gasoline. The added advantage

with M85 is the release of fifty percent energy earlier than gasoline.

It indicates that the thermal efficiency of an engine could be higher
with it than M15. The laminar flame speed of M85 blends (meth-
anol-isooctane) was higher than M15 and isooctane. Therefore,
M85 could be regarded as a better substitute for gasoline in a Sl
engine.

5. Conclusions

The experimental tests were conducted on a spark ignition Gen-
set engine to study the effect of methanol-gasoline blends M15 and
M85 on combustion characteristics and compared with gasoline.

The main conclusions that emerged from the study are given below.

e The maximum in-cylinder pressure with M15 was lower than
gasoline by 10.6% while with M85 it is almost the same.

e The heat release rate increased with methanol content in the
blend. The maximum rate was only 6.4% lower with M85
while with M15, it was 18.35% lower as compared to gasoline.

e At a lower load, the flame development angle with M15 and
gasoline is the same. It was shorter with M85 than gasoline by
30.5%. At a higher load with M15, it was 11.1% more than
gasoline. In the case of M85, it is 5.5% shorter than gasoline.
The presence of more oxygen with M85 and lower minimum
ignition energy are the main reasons for a short flame develop-
ment angle.

e At lower load, with M15 and M85, the flame propagation an-
gles were 3% and 37% shorter respectively than gasoline. At
higher load, it was 3.5% and 14.28% shorter with M15 and
M85 respectively as compared to gasoline. The high flame
speed of methanol decreased the flame propagation angle with
M85. With M15, the propagation duration was marginally
shorter than gasoline.

e At lower load, with M15 and M85, C.A. for 50% mass burnt
fraction was 13.4% and 47.7% less than gasoline. At a higher
load, with M15 and M85, it was 41.6% and 58.3% less than
gasoline. The fifty percent mass burnt fraction was near to
TDC in the case of blends as compared to gasoline.

o The effect of methanol fraction in the methanol-isooctane
blend was studied using a correlation. The laminar flame speed
of M15 and M85 blends increased by 8% and 25.6% at an
equivalence ratio of 0.8. It increased by 3.1% and 20.2% with
M15 and M85 respectively at an equivalence ratio of 1.

BV ERS vovoms cncinees
Nomenclature
Qcum.  Cumulative Heat Release
Tw Mean Cylinder Wall Temperature (K)
Y Ratio of Cp and Cv
fv, alc Volume Fraction of Alcohol in the Blend
S fva  Laminar Flame Speed
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