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ABSTRACT 

A Spark ignition engine (SI) suffers considerably from cycle-by-cycle fluctuations.  Minimizing these variations 

is one of the most important goals so as to improve the power output, fuel economy, engine emission level and 

hence drivability. In this experimental work, the cycle-by-cycle variation of combustion pressure parameters 

such as indicated mean effective pressure (IMEP), maximum cylinder pressure (Pmax) and maximum rate of 

pressure rise (dP/dθ)max for ethanol blended gasoline dual spark plug SI engine were investigated. The 

experiment was conducted on a single cylinder water cooled four stroke dual plug SI engine at a constant speed 

of 1800rpm and 24
0
-24

0 
bTDC ignition timings. Three loading conditions (60%, 80% and 100% of full load), 

five different ethanol fractions ( 0%, 5%, 10%, 15% and 20% ethanol by volume), and three compression ratios 

( 8:1, 9:1 and 10:1) were represented as an variables in operating conditions of the engine. The results of the 

research work showed that coefficient of variation (COV) of IMEP less than 5%, Pmax less than 10% and (dP/dθ) 

max exceeds 10% for almost all the test conditions. Hence it can be concluded that COV of (dP/dθ)  max becomes a 

critical parameter to define the combustion range of ethanol blended gasoline dual spark plug SI engine. 
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INTRODUCTION 

Due to the increased cost, shortage of fossil fuels and stringent regulations on engine emissions, several 

practical techniques have been implemented by many researchers to obtain significant improvement in 

consumption of fuel, engine power and smooth operation of the engine with reduced exhaust emissions. Bio-

ethanol is considered a unique fuel that is widely used in SI engines [1]. Ethanol can be extracted from various 

plant materials called biomass. It is a colourless and clean burning alcohol used as a blending agent with 

gasoline in SI engines without modifications [2,3]. Ethanol exhibits some important combustion features such as 

high enthalpy of vaporization, high octane rating and high laminar burning velocity as compared to gasoline fuel 

[4,5]. Besides, ethanol has significant limitations which affect engine performance and exhaust emission 

characteristics. The important factors affecting are the low lower heating value due to the presence of oxygen 

molecule in the fuel structure, reduction in volatility at higher ethanol-gasoline blends and increase in charge 

cooling might results in starting problems under severe cold conditions of weather [5,6]. The use of ethanol-

gasoline blends in the spark ignition engines have been studied many number of researchers and their studies 

showed that addition of a small amount of ethanol to the gasoline fuel makes the engine to operate on lean air 

fuel ratios thereby improves thermal efficiency and reduces the exhaust emissions from the engine [4, 7,8,26]. 

Cyclic-by-cycle (cyclic) combustion pressure variations in SI engine are a common phenomenon but become 

more severe with lean mixture operation [9]. Large numbers of research undertaken on the cyclic fluctuations of 

SI engines and the results of the studies showed that by eliminating these variations, there would be a rise in 

power output by 10% at the same rate of fuel consumption [10]. They also showed that large variations produce 
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a reduction of about 20% in the mean effective engine torque [11]. Not only these, Cycle-by-cycle variation 

reduces performance of the engine due to incomplete combustion and high misfire ratio, and increase the engine 

exhaust emissions.  Normal deterioration of the comfort of the vehicle will also be affected by the cycle-by-

cycle variations [12, 24]. A rapid combustion in the initial stage and fuels with high flame speeds can reduce 

cyclic variations [13, 14]. From the results of these studies it can reveal that the variations in flame propagation 

rate and combustion duration are mainly associated with cyclic combustion pressure variations of SI engines 

[15]. The methods which have the ability to increase the flame propagation rate and reduce the combustion 

duration will have ability to reduce the cyclic combustion pressure variations in the engine. Increase in flame 

propagation rate and reduction in combustion duration can be achieved by rapid combustion. There are various 

methods available for achieving rapid combustion. One of the simple methods comes under combustion 

chamber design approach is the multiple ignition system. A multiple ignition system determines better approach 

in terms of rapid combustion as well as more complete combustion. Based on the literature, dual ignition 

improves the combustion characteristics of the SI engine due to rapid combustion by reducing flame travel 

distance [16,17].  

Previous studies showed that dual ignition increases early combustion rate, combustion stability and power 

output, and decreases combustion duration and tendency of misfire as compared to single ignition [18-20]. 

Studies also showed cyclic combustion variations significantly reduced in a very lean mixture by using the dual 

ignition strategy [21]. Raja et al. conducted an experiment to investigate ethanol-gasoline blends effect on the 

performance and exhaust emissions of a digital twin spark ignition engine. Their study showed that higher levels 

of ethanol addition increases brake specific fuel consumption, volumetric efficiency and excess air factor and 

decreases carbon monoxide (CO), unburnt hydrocarbon (HC) and nitrogen oxides (NOX) emissions from the 

engine exhaust [22]. Aisyah et al. conducted a research work to investigate ethanol as a fuel in single cylinder 

dual spark plug SI engine. They showed that dual plug configuration leads more efficient combustion compare 

to single plug configuration [23]. Almeida conducted an experimental investigation to study the engine 

performance using ethanol in a dual plug engine. He showed that for all test conditions, the performance of the 

engine was improved [25]. From the literature survey, it has been understood that only a few research work 

were undertaken on dual plug SI engines using ethanol as a blending agent. In these, most of the studies were 

related to the performance and exhaust emissions of the engine. The objective of the present paper is to analyse 

the cycle-by-cycle combustion pressure variations of ethanol blended gasoline dual spark plug SI engine. 

Experimental set-up and procedure 

The engine used in the current study was a single cylinder four stroke dual plug water cooled SI engine. Fig.1 

represents the layout of the experimental setup. The specification of the research engine, properties of fuels, and 

test conditions are presented with Table-1, Table-2 and Table-3 respectively. The present work experimental 

set-up consists of single cylinder, four stroke, Multi-fuel, water cooled research variable compression ratio 

engine coupled to eddy current type dynamometer for loading. The compression ratio of the engine can be 

altered while running without affecting combustion chamber geometry. At each operating point, fuel injection 

time and crank angle and spark ignition crank angle can be programmed based on crank shaft speed and throttle 

position with open air electronic control unit (ECU). Open electronic control unit (ECU) optimizes performance 

of the engine throughout its operating range. Sensors of Air temperature, coolant temperature, throttle position 

and trigger are joined to an open air ECU which controls ignition, injection, fuel pressure and idle air. The set-

up carries necessary equipment for measuring cylinder pressure and corresponding crank angle, air and fuel 

flow rate, temperature and engine load. The signals from these equipments are transferred to a computer using a 

fast data recovery device. 
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Figure 1.  Layout of Experimental Set-up 

PT = Combustion chamber pressure transducer 

T1= Temperature of jacket water at inlet  

T2= Temperature of jacket water at exit  

T3=Temperature of calorimeter water at inlet  

T4 =Temperature of calorimeter water at exit  

T5=Temperature of exhaust gas at inlet to the calorimeter 

T6= Temperature of exhaust gas at exit to the calorimeter 

F1= Flow rate of blended fuel  

F2= Flow rate of combustion air  

F3= Flow rate of water at the jacket 

F4= Flow rate of water at the Calorimeter 

N = Encoder for Crank angle 

 

The set-up carries stand-alone panel box provided with air box, two fuel tanks, manometer, fuel gauge, 

transmitters for air and fuel gauge, processing gauge and a piezo-power unit. For measuring cooling water and 

calorimeter water flow rate, it is equipped with a rotameter. A Lab view based software package called „Engine 

Soft‟ is used to analyze and evaluate the engine performance in online mode. It is also provided with software 

package PE3 series for programming open ECU. Engine Soft can use many of the requirements of an engine 

testing applications such as monitoring, reporting, data entry and data saving. The software assesses power, 

efficiency, fuel consumption and heat release. During the testing, the required signals from the sensors are 

examined, saved and conveyed on a graph. Saved data files can be retrieved to view the data in graphical 

formats and tables. 

Table 1.  Specifications of Test Engine 

Engine details Four stroke, Multi fuel VCR with open ECU (computerized) 

Number of cylinders one 

Rated Power 4.5kW 

Rated Speed 1500 rpm 

Cooling system water cooled 

Bore 87.5mm 

Stroke 110 mm 

Comp. Ratio Variable 6:1 to10:1 

Swept volume 661 cc 

Dynamometer Water cooled eddy current with loading unit 

Dynamometer arm length 185 mm 

Engine ignition system Twin Spark 
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Table 2. Test Conditions of the Experiment 

Fuel blends [%volume ethanol] 0, 5, 10, 15and 20 

Spark timings [
0
bTDC] Fixed 24

0
- 24

0 
bTDC 

Speed Constant  1800rpm 

Compression ratio 8:1, 9:1 and 10:1 

Load (% of full load) 60%, 80% and 100% 

Throttle position  Wide open throttle 

Table 3. Combustion Related Properties of Fuels 

Properties Ethanol Gasoline 

Structural formula C2H5OH C8H18 

Molecular weight [kg/kg.mole] 46.07 114 

Specific gravity 0.792 0.71-0.78 

Latent heat of vaporization [kJ/kg] 840 305 

Auto ignition temperature(
0
C) 422 257 

Flash point using closed cup(
0
C) 12.8 -43 

Boiling temperature(
0
C) 78.3 30-190 

Freezing temperature(
0
C) -114 -40 

Oxygen content (wt %) 34.73 ---- 

Hydrogen content (wt %) 13 15.8 

Lower heating value(MJ/kg) 26.9 44.1 

Stoichiometric air fuel ratio 8.94 14.6 

Motor octane  number 92 81-90 

Research octane number 108 90-100 

The testing procedure is as follows: 

1. Adjust the required compression ratio by referring the scale provided on the CR indicator 

2. Switch on the supply mains of the control panel and set the supply voltage to 220 volts.  

3. Switch on the pump and set the water flow rate around 300 liters/hour to the engine dynamometer.  

4. Start the engine by electric starter and run for about five minutes to reach steady state conditions. 

5. Switch on the computer and open the IC Engine Soft. 

6. Set the engine to compression ratio 8:1, ignition timing of 24
0
-24

0 
bTDC and speed of 1800rpm. 

7. Apply the 60% of full load on the engine through dynamometer  

8. Repeat the experiment for different ethanol fractions in the gasoline fuel in the range of 5%, 10%, 15% and 

20% by volume respectively. 

9. Experiment is also repeated for other 80% and 100% of full load, and 9:1 and 10:1 compression ratios. Note 

down the reading of IMEP, Pmax and (dP/dθ)max for 200 cycles under stable state conditions.  

10. From the experimental data of 200 cycles, the average value of IMEP, Pmax and (dP/dθ)max are determined.  

11. After calculating average, COV of IMEP [COVIMEP], COV of Pmax [COVPmax] and COV of (dP/dθ)max 

(COV(dP/dθ)max) are calculated. 

RESULTS AND DISCUSSIONS 

In this study, cycle-by-cycle combustion pressure variations were analyzed by indicated mean effective 

pressure, maximum cylinder pressure and maximum rate of pressure rise. For analyzing these parameters a 

traditional estimator called Coefficient of variation (COV) were used. It can be defined as the ratio of standard 

deviation (𝞼) to mean ( ̅). 
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Where      = The value of combustion parameter of specific cycle. 

N   = Sample size 

  ̅  = Mean  

Indicated mean effective pressure  

The variations in COVIMEP with load and ethanol fraction are shown in the Figure 2 to Figure 4 for three 

different compression ratios 8:1, 9:1 and 10:1 respectively. COVIMEP was decreased with increase in load and 

ethanol fraction under all compression ratios.  

 

Figure 2. COVIMEP Versus Ethanol Fractions Under Various Loads at Compression Ratio 8:1 

 

Figure 3. COVIMEP Versus Ethanol Fractions Under Various Loads at Compression Ratio 9:1 
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Figure 4. COVIMEP Versus Ethanol Fractions Under Various Loads at Compression Ratio 10:1 

Figure 5 shows the variation of COVIMEP with compression ratio for all ethanol fractions under full load. 

COVIMEP was decreased with increase in compression ratio for all ethanol fractions. Minimum COVIMEP was 

observed at a compression ratio 10:1 for E20 blend under full load. The addition of ethanol with two ignition 

points can enhance the burning velocity of the charge leading to faster more complete combustion thereby 

reduces number of misfires and partial combustion cycles and finally resulting decrease in cyclic variations with 

increase in ethanol fraction. From these figures, it can be concluded that COVIMEP is less than 5% for all test 

conditions. Since the power output of the engine more closely represents the IMEP, and COV IMEP is less than 

5%, a satisfactory drivability of the engine when it operated with ethanol upto 20% by volume. 

 

Figure 5. COVIMEP Versus Compression Ratios for Different Ethanol Fraction Under Full Load 

Maximum cylinder pressure 

Fig. 6 to Fig. 8 shows the variations in COVPmax with load and different ethanol fraction for three different 

compression ratios 8:1, 9:1 and 10:1 respectively. Fig. 9 shows the variation in COVPmax with compression ratio 

for all ethanol fractions under full load. From these figures it can be noticed that COVPmax follow the same trend 

as COVIMEP which decreases with increase in load, ethanol fraction and compression ratio. It is also seen that 

COVPmax values were lower at higher loads and higher at lower loads. This is due to the fact that greater residual 

gases at lower loads reduces the burning velocity of the charge resulting in partial burning cycles and misfires. 

The increase of burning velocity due to ethanol fraction and two ignition points leads to the more rapid and 

complete combustion and maximum cylinder pressure occurs earlier. Lower COVPmax values represent least 

variation in maximum cylinder pressure.  For all the test conditions, the value of COVPmax is less than 10% 

except few cases.  
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Figure 6.  COVPmax Versus Ethanol Fractions Under Various Loads at Compression Ratio 8:1 

 

Figure 7. COVPmax Versus Ethanol Fractions Under Various Loads at Compression Ratio 9:1 

 

Figure 8. COVPmax Versus Ethanol Fractions Under Various Loads at Compression Ratio 10:1 
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Figure 9. COVPmax Versus Compression Ratios at Different Ethanol Fraction Under Full Load 

Maximum rate of pressure rise  

Fig. 10 to Fig. 12 shows the variations of COV (dP/dθ)max with load and different ethanol fraction for three 

different compression ratios 8:1, 9:1 and 10:1 respectively. Fig. 13 shows the variation of COV  (dP/dθ)max with 

compression ratio for all ethanol fractions under full load. From these figures it can be seen that COV (dP/dθ)max 

also follow the same trend as COVIMEP with load, ethanol fraction and compression ratio. It is also seen that the 

value of COV (dP/dθ)max exceeds 10% except E20 blend at full load. The lower value of COV (dP/dθ)max  for E20 

blend may be due to at this fraction of ethanol results much faster combustion compared to the other  fractions 

and faster combustion being less susceptible to cyclic variations and hence lower variations in maximum  rate of 

pressure rise. By comparing the values of COVIMEP, COVPmax and COV (dP/dθ)max at all operating conditions, it can 

be observed that COV(dP/dθ)max is more sensitive to  cyclic variations in comparison to COVPmax and COVIMEP. 

This may be due to the greater influence of flame propagation rate on maximum rate of pressure rise compare to 

maximum cylinder pressure and IMEP. However, since the values of COV(dP/dθ) max exceeds 10% almost all 

testing conditions of the engine, it is a critical combustion related parameter which can be used to obtain the 

operating range of ethanol blended gasoline dual spark plug SI engine. 

 

Figure 10. COV (dP/dθ)max Versus Ethanol Fractions Under Various Loads at Compression Ratio 8:1. 
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Figure 11. COV(dP/dθ)max Versus Ethanol Fractions Under Various Loads at Compression Ratio 9:1 

 

Figure 12. COV (dP/dθ)max Versus Ethanol Fractions Under Various Loads at Compression Ratio 10:1 

 

Figure 13. COV (dP/dθ)max Versus Compression Ratios  for Different Ethanol Fractions Under Full Load. 
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CONCLUSIONS 

This paper investigated experimentally the cyclic combustion pressure variations of ethanol blended gasoline 

dual spark plug SI engine. The engine has been tested under different loading conditions for different fractions 

of ethanol in the gasoline fuel and different compression ratios and at constant speed of 1800rpm and standard 

ignition timing. The study was carried out to analyze cyclic combustion pressure variations in indicated mean 

effective pressure, maximum cylinder pressure and maximum rate of pressure rise. The main conclusions that 

can be extracted from this investigation are listed as follows. 

 The variations of COVIMEP, COVPmax and COV(dP/dθ)max  were reduced with increase in load, ethanol 

fraction and compression ratio.  

 The higher value of COV(dP/dθ)max compared to COVPmax and COVIMEP may be due to greater influence of 

flame propagation process than Pmax and IMEP. 

 The values of COVIMEPare less than 5% for all test conditions of the engine indicating ethanol can be 

blended with gasoline upto 20% by volume without affecting the satisfactory drivability.  

 The values of COVPmax are less than 10% for all test conditions indicating stable combustion. Higher 

values of COVPmax at lower loads compared to lower values at higher loads due to high residual gases. 

 The values of COV(dP/dθ)max exceeds 10% for almost all test conditions except E20 blend at full load. 

Therefore it is a critical combustion parameter that can be used to determine the operating range of 

ethanol blended gasoline dual plug SI engine. 
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