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Ethanol, produced from biomass, is a renewable fuel that can be an attractive alternative
fuel to gasoline for the increasing concerns of energy security and the environment. In the
present work, combustion characteristic of ethanol (E100) fueled spark-ignition engine is
compared with base gasoline fuel, and consecutively evaluated the cycle-to-cycle varia-
tions (CCV) of the engine parameters. These investigations were performed on a 250cc
air-cooled four-stroke single-cylinder port-fuel injection spark-ignition engine. The engine
was operated at 3500 rpm and 4000 rpm of engine speed while maintaining the same loads
for ethanol and gasoline. It was found from the results that the peak in-cylinder pressure
(Ppeax) is lower with ethanol than gasoline at a given load. The Ppeax decreased from 27.5
to 25.5 bar when ethanol was used in the engine at 3500 rpm and 5 Nm load instead of
gasoline. Moreover, the mass fraction burned of the air-fuel mixture was faster for ethanol
as compared to gasoline. The CCV analysis showed that CCV of Ppeacand location of Ppeax
(@ppear ) Were lowered for ethanol compared to gasoline. A decrement in the coefficient
of variation (COV) of Ppeakand 6peqr from 11.6% to 8.3% and 12.6% to 11.7%, respec-
tively, were observed when ethanol was utilized in the engine instead of gasoline at 3500
rpm and 5 Nm load. This resulted in a decrease in the COV of IMEP and engine speed by
2.8% and 0.25%, respectively, for ethanol as compared to gasoline. This study indicates
that the combustion stability is better for ethanol-fueled spark ignition engine as compared
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1. Introduction

Over the past few years, the consumption of fossil fuels has been
significantly increased due to an improvement in the standard of
livelihood. However, the source of fossil fuel such as gasoline is
limited and over-utilization of fossil-fueled internal combustion
engines resulted in the depletion of fossil fuel at a faster rate, which
is increasing the concerns of energy security and the environment.
Thus, alternative fuels such as ethanol can be a feasible alternative
to fossil fuels. Ethanol is a renewable fuel as it can also have ob-
tained from organic matter such as crop residue, agriculture waste,
and wood residue using thermochemical methods. The utilization
of ethanol (produced from biomass) in spark-ignition (SI) engines
can be considered carbon neutral. Thus, various countries' govern-
ments have initiated to add an amount of ethanol in gasoline and
put their effort to increase its proportion.

Utilizing ethanol in an SI engine improves the performance and
reduces emissions since ethanol has better anti-knocking charac-
teristics as compared to gasoline as shown in Table 1. It allows the
engine to increase the compression ratio, which further improves
the engine efficiency. Latent heat of vaporization of ethanol (i.e.,
840 kJ/kg) is significantly higher than gasoline (i.e., 350 kJ/kg);
see Table 1. Using ethanol as fuel decreases the charge density and
improves the engine’s volumetric efficiency as compared to gaso-
line [5]. But, the lower heating value of ethanol is lower with re-
spect to gasoline (see Table 1), which leads to higher fuel con-
sumption. Due to the abovementioned difference in the properties
of ethanol and gasoline, it is essential to investigate ethanol's influ-
ence in a gasoline-fueled spark-ignition engine. In addition, the
change in physical and chemical properties of ethanol as compared
to gasoline affects the cycle-to-cycle variations (CCV) of engine
parameters, which results in fluctuations in torque and speed, and
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thus vibrations. The CCV s also affected by inconsistencies in
mixture preparation from one cycle to the next, randomness in
mixture motion in the vicinity of the spark plug at the time of igni-
tion, and spark scattering [1, 6]. The statistical variation of any pa-
rameter (say A) can be measured in terms of the coefficient of var-
iation (COV) of A. Eg. 1 can be used to calculate the COV of A

[7].

standard deviation of A 1
COV of A= f @

x 100

mean of A

Table 1. Comparison of properties of gasoline and ethanol

Ethanol Gasoline
Chemical formula CH3CHOH | CiHigm
Lower heating value, 26.9 44
LHV (MJ/kg) [1] '
Stoichiometry air-fuel 9 14.5
mixture (¢ = 1)
LHV of ¢ =1 (MJ/kg) 2.69 2.83
Research octane number 107 [1] 91
Molecular weight 46.07 ~110
Latent heat of vaporization* (kJ/kg) 840 350
Adiabatic flame temperature (K) 2238 [2] ~2410[3]
S ~500-
Auto-ignition temperature (K) 750 [3]
- — —
Laminar flame speed at ¢p = 1 05 [4] 0.37-0.43
(mfs) [3]

*1 atm and 25 °C

Previous work on comparing CCV of ethanol and gasoline has
been discussed. Ceviz and Yiiksel [8] studied CCV of the engine
fueled with a different blend of ethanol and gasoline. The ethanol
proportion was varied from 0 to 20% in the blend of gasoline and
ethanol at wide-open throttle and 2000 rpm of the engine without
maintaining a constant equivalence ratio. They observed a decre-
ment in the COV of indicated mean effective pressure (IMEP) till
10% of ethanol in the blend and the further started increasing.
Wang et al. [9] performed experiments on the engine using a blend
of 20% (by volume) hydrous ethanol and gasoline to study CCV.
They varied the load from 10 to 50 Nm while operating at different
speeds (i.e., 1200, 1600, and 2000 rpm). Chen et al. [10] operated
the engine on various fuels including ethanol and compared the
engine characteristics along with cycle-to-cycle variations. They
found that the peak cylinder pressure for ethanol fuel is higher than
n-butanol and lower than methanol fuel while operating the engine
at a stoichiometric air-fuel ratio and 1600 rpm. The COV of IMEP
was higher for the engine operated with n-butanol as compared to
methanol and ethanol fuels. Musaab et al. [11], performed experi-
ments on the engine using hydrous ethanol and 10% (by volume)
blend with gasoline (i.e., E10). The brake torque was higher was
slightly higher for E10 as compared to gasoline, whereas NO emis-
sion decreased for E10. llhak et al. [12] investigated the engine
characteristics for various fuels such as acetylene, gasoline, and

ethanol at partial loads. They showed that the brake thermal effi-
ciency was higher for ethanol as compared to gasoline, whereas
unburned hydrocarbon and nitric oxide emissions decreased for
ethanol. Shetty and Rao [13] prepared blends of ethanol with gas-
oline by varying ethanol from 0 to 20% and utilized it in the engine
while maintaining fixed spark timing. They found that the peak
pressure increased and COV of IMEP decreased with an increase
in the percentage of ethanol in the blend. Yanin et al. [14] mixed
20% hydrous ethanol and 20% anhydrous ethanol by volume with
gasoline to study cycle-to-cycle variations of the engine. They
found that the cycle-to-cycle variations were lowest for the blend
of 20% anhydrous ethanol and gasoline at low speed and loads.
Moreover, at higher load and speed, the combustion became more
stable for the blend of 20% hydrous ethanol and gasoline. The au-
thors observed that CCV of combustion is higher for gasoline as
compared to the blend at 1600 and 2000 rpm. A very limited study
has been done on understanding the CCV of the engine fuel with
ethanol (E100) and its comparison with baseline gasoline. Thus, in
the present work, a single-cylinder four-stroke air-cooled port-fuel
injection spark-ignition engine is utilized to investigate the effect
of ethanol on the combustion characteristics and CCV of the en-
gine and compared with the gasoline-fueled engine.

2. Experimental Set-up

For this investigation, a single-cylinder four-stroke port-fuel in-
jection spark-ignition engine was utilized. The engine specification
is provided in Table 2. The layout of the experimental set-up is
shown in Fig. 1, schematically. To vary the load on the engine, a
water-cooled eddy current dynamometer was utilized. The flow
rate of air and fuel to the engine were measured by an orifice-type
flowmeter and Coriolis-based flowmeter (RHEONIK make), re-
spectively. A piezoelectric transducer (AVL make) was instru-
mented in the cylinder head to measure in-cylinder pressure. A
combustion analyzer (AVL make) was utilized to monitor com-
bustion parameters in real-time and record the combustion param-
eter. A lambda sensor was installed in the exhaust port to measure
the air-fuel ratio. An electronic control unit (ECU) was utilized to
control the injector and instance of spark according to engine speed
and throttle opening. For investigating CCV of various parameters,
the cylinder pressure traces of 100 consecutive cycles were rec-
orded [15]. The uncertainty associated with the piezoelectric trans-
ducer is £0.8% while measuring the in-cylinder pressure.

Table 2. Specification of the spark-ignition engine

Bore (mm) 74
Stroke (mm) 58
Connecting rod length (mm) 112
Rated power (kW) 15 (at 8000 rpm)
Rated torque (Nm) 18 (at 6000 rpm)
Compression ratio 9.8:1

In India, fuel available at the petrol pumps for spark-ignition en-
gine is a blend of gasoline and ethanol. Ethanol needs to be re-
moved from the fuel to perform baseline of the engine using pure
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gasoline. Ethanol can be removed from the fuel with the help of
water in cone-shaped flask with valve at the bottom since ethanol
dissolves better in water than gasoline. For the investigation, firstly,
the engine fueled with ethanol (E100) was operated at maximum

operating load while maintaining 4000 rpm and 3500 rpm and the
combustion characteristics were compared with gasoline at same

load. The comparative study was done at stoichiometric air-fuel

Pressure signall Computer
Flow | | Surge ‘ Port-fuel
F meter [ tank :‘ Throttle ’: injector Exhaust
Coriolis “ Combustion
Flowmeter analyzer
Dynamometer
controller Engine | Crank
Fuel —{ Dynamometer angle
tank encoder
Fig. 1. lllustration of the engine test bench
ratio of the fuels. Further, CCV of various parameters were evalu- 35 - . 900
ated for ethanol and compared with gasoline for maximum load at ] g%ﬁdlf{e
3500 rpm. The data was recorded when the engine was operated 30 thano 150 B
under steady-state conditions. T ] ' 5
23 1.00 E
3. Results and discussion £ ] : ,%
) . @ 20 1 @
3.1 Combustion analysis g ] 050 3
= ] ’ E‘
Combustion analysis provides a better insight into in-cylinder § 13 ] %
phenomena. Fig. 2 shows the comparison of the averaged value of 2. | ] 0.00 =
100 cycles in-cylinder pressure of ethanol- and gasoline-fueleden- = ] §
gine operated at 4000 rpm and 7 Nm load. It is to be observed that 5 3 0508
for the same operating load the peak in-cylinder pressure (Ppeqx) ]
was lower for ethanol as compared to gasoline. It is due to the o —V—F——t+————+———++ -1.00
-180 90 0 90 180

lower adiabatic flame temperature of ethanol (2238 K [2]) com-
pared to gasoline (2470 K [3]). The Py, Was decreased from 31
bar to 26 bar when ethanol was introduced in the engine instead of
gasoline at 4000 rpm and 7 Nm load. A similar trend was also ob-
served while comparing averaged in-cylinder pressure traces of
ethanol- and gasoline-fueled engine operated at 3500 rpm and 5
Nm load, as shown in Fig. 3. The P,.q, Was decreased from 27.5
bar to 25.2 bar when ethanol was used in the engine instead of gas-
oline at 3500 rpm and 5 Nm load. Fig. 2 and 3 also show the rate
of pressure rise for gasoline and ethanol while operating the engine
at 4000 and 3500 rpm, respectively.

The net-pressure method was utilized to determine mass fraction
burned (MFB) using in-cylinder pressure [16]. In the present work,
combustion duration was considered the crank angle degree (CAD)
from 10% to 90% MFB. Fig. 4 shows the variation of MFB and
heat release rate (HRR) of the engine operated with ethanol and
gasoline at 4000 rpm and 7 Nm load. It was observed that the com-
bustion duration for ethanol and gasoline were 38 and 40 CAD,
respectively. Since the flame speed of ethanol is higher compared
to gasoline, see Table 1. In addition, Fig. 5 shows the variation of
MFB and HRR of the engine operated with ethanol and gasoline
at 3500 rpm and 5 Nm load. The combustion duration was 37 CAD
and 39 CAD for ethanol and gasoline, respectively.

Crank angle degree
Fig. 2. In-cylinder pressure trace of ethanol compared with gasoline-
fueled engine at 4000 rpm and 7 Nm

Fig. 6 shows the variation of in-cylinder pressure trace from one
cycle to another using 100 cycles data of the engine fueled with
gasoline at 3500 rpm and 5 Nm load. These variations depend on
various reasons such as properties of the fuel, variation in the
amount of intake air, randomness in air-fuel mixture near spark-
plug, and spark scattering. This CCV of in-cylinder pressure re-
sulted in the variation of instantaneous speed of the engine from
one cycle to another. Fig.7 shows the CCV of instantaneous engine
speed for ethanol and gasoline while operating the engine at 3500
rpm and 5 Nm. The CCV of engine speed is lower for ethanol as
compared to gasoline and observed that COV of engine speed was
0.06% for ethanol and 0.32% for gasoline.

Fig. 8 shows CCV of P_peak for ethanol- and gasoline-fueled
engines operated at 3500 rpm and 5 Nm. The CCV of P_peak was
reduced for ethanol fuel as compared to gasoline- as a reduction
from 11.6% to 8.3% was observed. This decrement in the CCV of
P_peak is due to the better flame speed of ethanol, see Table 1.
However, the peak in-cylinder pressure of the combustion cham-
ber lowered for ethanol compared to gasoline which is due to the
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lower adiabatic flame temperature of ethanol, see Table 1. Addi-
tionally, higher latent heat of vaporization of ethanol as compared
to gasoline reduces the charge temperature and subsequently de-

3.2 Cycle-to-cycle variations (CCV) of engine parameters

creased the cylinder pressure. a) 40
30 ;- Gasoline r 200 £
- - - - Ethanol - ’% 30+
25 1509 ]
5 9 8 20
g 5
2 20 1.00 8 5
n 2 =
% 8 = 10
215 9 050 o ]
5 ] £ 2
= ] A 0
=10 000 £ 100
o
[ 1 [=]
= ] 2
5 0503
] 50 -
’ 180 %0 0 90 '180_]'00 Cycle number 40 180
Crank angle degree _
Fig. 3. In-cylinder pressure trace of ethanol compared with gasoline- 10 X -90
fueled engine at 3500 rpm and 5 Nm % -180 Crank angle (degree)
40
10 T, - - 15
] Gasoline Lans =
l==-- Ethanol I,’ Y / 8
1 ; A4 1 —_ 2
- 0.8 ; % 12 5 g
Q 1 \ - %
g ] 1” \‘ ‘2 :—E'
£06 1 Y 19 3 3
=} 1 ’ \ E =
N 4 | 2 g
S04l / A ‘\\ +6 § =
§ ] ,’l ," \\\ § )
02 + 4 /' " 4+ 3 =
. v < \
0.0 | <SOSR N SR S — 0
-30 20 -10 0 10 20 30 40 50 60

Crank angle degree

Fig. 4. Mass fraction burned for ethanol and gasoline-fueled engine at
4000 rpm and 7 Nm

-180

Crank angle (degree)
Fig. 6. CCV of in-cylinder pressure traces for the engine fueled with
a) gasoline and b) ethanol at 3500 rpm and 5 Nm

1.0 T - 15
B G 1 . -
o Ethanl Fig. 9 shows the CCV of the location of Pyear (6p,,,,,) for
08 1 t12g ethanol- and gasoline fueled engine operated at 3500 rpm and 5
3 ] < Nm. The 6, is a strong parameter that represents the flame
L | & peak
E 06 1 o = speed in the combustion chamber [1]. The CCV of eppeak re-
.§ - duced for ethanol as compared to gasoline which clearly shows
Eosl I 2 that the variation in the flame speed is lower for ethanol. The COV
2 ' e of preak decreased from 12.6 to 11.7% when ethanol was intro-
= ] [ 'qi; . . R
021 Iy 2 duced in a gasoline-fueled engine.
00 ] rrrryrrrrrrrrrfrrrrfrrrrfrrrrprrrrprorore T ll- 0
30 20 <10 0 10 20 30 40 50 60

Crank angle degree

Fig. 5. Mass fraction burned for ethanol and gasoline-fueled engine at
3500 rpm and 5 Nm

71



Gupta and Subramanian / International Journal of Automotive Science and Technology 6 (1): 68-74, 2022

PARAPY..o o000 ™
v. "y ALTOMONVE ENGINEERS

Instantaneous engine speed (rpm)

Peak in-cylinder pressure (bar)
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Instantaneous engine speed (rpm)
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Fig. 7. CCV of engine speed for ethanol and gasoline at 3500 rpm and 5 Nm
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Fig. 8. CCV of peak in-cylinder pressure for ethanol and gasoline fueled engine at 3500 rpm and 5 Nm
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Fig. 10. CCV of IMEP for ethanol and gasoline fueled engine at 3500 rpm and 5 Nm

Fig. 10 shows the CCV of IMEP for ethanol, and gasoline fueled
engine operated at 3500 rpm and 5 Nm. The CCV of IMEP de-
creased for ethanol compared with respect to gasoline, this can be
attributed to improvement in the flame speed of ethanol. This re-
sulted in a decrement of negative work on the piston by in-cylinder
charge before the top dead center. The COV of IMEP decreased
from 4.3% to 1.5% when ethanol was introduced in the engine in-
stead of gasoline.

3. Conclusions

The combustion characteristics of a spark-ignition engine fueled
with ethanol (E100) are compared with base gasoline. The follow-
ing conclusions are drawn based on the study results:

e Mass fraction burnt with ethanol is shorter than base gaso-
line due to its high flame velocity.

e  The combustion duration is lower with ethanol than gaso-
line. The combustion duration with 10% to 90% burnt is 37
CAD and 39 CAD with ethanol and gasoline, respectively.

e The cycle-to-cycle variations of the peak cylinder pressure
(Ppear) is higher with gasoline. The COV of P, Was
11.6% and 8.3% for gasoline and ethanol while operating
the engine at 3500 rpm and 5 Nm load, respectively.

e  The combustion stability of the spark ignition engine is bet-
ter with ethanol (E100) than that of base gasoline as COV
of IMEP is significantly lower for ethanol (1.5%) as com-
pared to gasoline (4.3%).
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