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ABSTRACT 
 

The world is facing twin problems of energy crisis and environmental degradation. Fossil 

fuels contribute to more than 80% of the world total energy utility. Use of fossil fuels 

produces more greenhouse gas emissions. The demand for more power as well as 

complying with strict emission norms is a major concern for all automotive manufacturers 

across the world.  

 

The gradual reduction of the petroleum reserves as well as increase of pollutant emissions 

call for the development of alternative and renewable energy sources that can help to 

reduce the current oil dependency in the field of internal combustion engine (ICE). The 

search for a vehicle fuel that will produce minimum emissions and maximize fuel 

efficiency and economy has become an important aspect for cleaner vehicle fuel 

development. Recently, alternative transportation fuels have been receiving increasing 

attention as they produce minimum emissions and are eco-friendly too.  

 

Biogas is eco-friendly, renewable and clean burning fuel which is more safer than CNG. 

Biogas is produced by anaerobic digestion of various bio-degradable organic substances 

such as kitchen wastes, agricultural wastes, municipal solid wastes, sewage, and cow dung 

etc., which offers utility at low cost and low emissions compared to any other secondary 

fuels. Biogas comprises of 50-70% CH4, 25-50% CO2, 1-5% H2, 0.3-3% N2 on volume 

basis and various minor impurities including traces of H2S. After removal of CO2, H2S and 

water vapor, biogas can be converted as an equivalent fuel to natural gas. India is one of 

the largest nations into cattle breeding, larger quantity of waste is generated from municipal 

wet waste, press mud, sugar industries also yield a large scope for producing biogas. In this 

way, biogas is a well established renewable and environment friendly vehicular fuel which 

can be used in S.I mode.  

 

One of the major factors affecting the sale of biogas engines is the de-ration factor (45-50% 

compared to gasoline engine) owing to the gas properties and the cost of these engines as 

most of the biogas engines are diesel engine converts. The factors include due to low 

density, low volumetric efficiency, low flame speed and absence of fuel evaporation. 
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Biogas engines require compact and turbulent combustion chamber for effective 

combustion of the charge inside the cylinder. It has high knocking stability due to higher 

octane rating of 130 which allows for an increase in compression ratio. Looking to the 

above fact, the main aim of the research work is to reduce the de-ration of power with 

lower specific fuel consumption and emissions.  

 

The present research work is an attempt to develop a dedicated biogas fuelled SI engine 

technology from a 100cc motor cycle. Such a small engine technology which can be used 

in S.I. mode for mobile sector and stationary application in remote rural electrification 

which is still not connected to grid line or have a limited access. The experimental work 

presents the performance results of a small 98cc, single-cylinder, four stroke cycle gasoline 

engine which is optimized to run on scrubbed biogas (CH4-93.8%) and raw biogas (CH4 -

56.6%) with successive modifications to the engine and its components. The work is 

carried out in stages to develop a dedicated biogas engine technology. The various aspects 

like piston crown geometry, compression ratio (CR), stroke-to-bore (S/B) ratio, effects of 

the CO2 concentration in biogas and augmented ignition voltage are investigated in this 

research work to evaluate the performances of the engine on biogas fuel and comparison of 

the same with gasoline is also made with the results obtained during experimental tests.  

 

The research work explored various strategies like increase in CR, reduction in S/B ratio, 

reduction of CO2 concentration from biogas and augmented ignition voltage of 2 kV to 

enhance engine performance and reduce engine emissions to run on biogas as a fuel. 

Through experimentation it has been observed that under certain cases the maximum power 

produced by the biogas fuelled engine has increased by 31%. The brake thermal efficiency 

and BSEC has increased by 8.91% and 17.74% respectively. There is an 18.18 % 

improvement in BSFC. 

 

Finally, the present research, the biogas engine technology has been developed in the range 

of 80-120 cc which yields better performance and low emissions with the least de-ration 

(37%) can be decided as a dedicated raw biogas engine technology which can be used in 

S.I. mode for mobile sector and stationary application in remote rural electrification which 

is still not connected to grid line or have a limited access. 
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CHAPTER – 1 
 
 

INTRODUCTON 
1.1 Introduction   

 

Economical growth and prosperity of any country is directly linked with energy growth.   

Meeting the growing demand for energy is a key challenge for any country. India is 

showing tremendous economic growth among various economies in the world. The Nation 

needs more energy for industries, power generation and transportation and this need is 

expected to increase by 2.3 times over the next 20 years which is shown in Figure 1.1 [1]. 

In order to satisfy the above energy needs the nation is heavily dependent on crude oil 

imports and it is third biggest oil consumed importer after US and China [2]. 

 

Figure 1.1. Rising energy demand of India in millions of tonnes of oil equivalent [1]. 
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The crude oil consumption in India is continuously rising against production which is 

shown in Figure 1.2 [2].  

 

 

Figure 1.2. Indian crude oil production vs consumption in thousands of barrel/day 

(kb/d) [2]. 

 

International energy agency (IEA) data for the year 2015 in Figure 1.3 show that 

transportation sector accounts 28% of final energy consumption and it is totally dominated 

by oil which is shown in Figure 1.4.[3] The increase in oil consumption, reduction of oil 

reserves and increase of pollutant emissions such as carbon monoxide, oxides of nitrogen 

and particulate matter have demanded the development of alternative and renewable energy 

sources which can help to reduce the toxic emissions and current oil dependency in the 

field of internal combustion engine.  
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The renewable vehicle fuel that will produce minimum emissions and maximize fuel 

efficiency and economy has become an important aspect for cleaner vehicle fuel 

development. Recently, alternative transportation fuels have been receiving increasing 

attention as it produces minimum emissions and is eco-friendly too. India, China and other 

Asia accounting almost half of the growth in global renewable power generation and India 

becomes second largest source in renewable energy by 2030 than OECD countries 

combined.[4] 

 

 

 

Figure 1.3. World Sector-wise energy consumption by IEA 2015 [3]. 
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Figure 1.4. World final transport energy consumption by source, IEA 2015[3]. 

 

1.2 Indian energy demand scenario 

 

India is showing intensive economic growth among various economies in the world. 

Energy consumption is one of the main factor to attain such growth. Energy consumption 

has almost doubled in India in the past decade. Figure 1.5 shows the nation energy demand 

by sectors and it grows from 549 Mtoe in 2011 to 1,460 Mtoe in 2031 and 2,812 Mtoe in 

2051, increasing by five times in 40 years and energy consumption of the transport sector 

increasing by about 10 times by 2051 which is shown in Figure 1.5.[5] 
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Figure 1.5. Nation energy demand by sector, TERI 2015[5]. 

 

Figure 1.6 shows India’s final energy demand by the transport sector by fuel and over 95% 

of the sector’s energy demand is fulfilled by petroleum products. The energy demand of the 

automotive grows from 86 Mtoe in 2011 to 360 Mtoe in 2031 and over 10 times to 900 

Mtoe by 2051. [5] 
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Figure 1.6. Nation energy demand by fuel, TERI 2015[5]. 

 

1.3 Automobile emissions scenario for India 

 

Air pollution is one of the challenging and continual task in our country. Transportation is 

a major source of air pollution and it is the greatest contributor to air pollution in the 

environment due to growing number of motor vehicles. According to a report from the 

International Energy Agency, by 2040 there are likely to be about nine lakh premature 

deaths in the country due to the extreme rise in air pollution. As per the environmental 

performance index ranking, India ranks 141 out of 180 countries in terms of air pollution. 

Vehicles emit toxic materials like carbon dioxide (CO2), carbon monoxide (CO), nitrogen 

oxide (NOx), particulate matter and sulfur oxides (SOx) into the atmosphere that have 

several bad effects on human health and the ecosystem. Gas is clearly the fossil fuel of 

least environmental impact. It produces virtually no SOx and relatively little NOx, which is 

the main constituents of acid rain, and less CO2, than most oil products and coal. 

 

The automobile industry in India is the 4th largest in the world [6] with sales increasing 9.5 

percent year-on-year to 4.02 million units of 4 wheelers in 2017. It was the 7th largest 
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manufacturer of commercial vehicles in 2017 and world’s biggest two wheeler market with 

a total sell of 17.7 million of two wheeler unit in 2017.[7] Total registered vehicles in India 

have grown from 5.3 million in 1981 to 159 million by 2012 (Morth, 2013).  

 

Figure 1.7 shows the estimates of on-road vehicles in India that have grown from 4.4 

million in 1981 to about 96 million by 2011. The numbers are projected to grow to 427 

million by 2031 and 933 million by 2051. [8]  

 

 

 

Figure 1.7. Year-wise on-road vehicular stock in India-TERI MARKAL model 

estimates [8] 

 

The distribution of vehicles in Figure 1.8 shows that the share of two-wheelers has grown 

rapidly during the period 1981–2011.[8] Due to high number of vehicles on the roads it is a 

major contributor towards the increase in environmental pollution and the source of global 

warming emissions in a country like India. 
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Figure 1.8. Distribution of on-road vehicle by type in India-TERI MARKAL model 

estimates [8] 

 

Figure 1.9 shows past and projected growth of NOx emissions from vehicles grew by more 

than two times during 2001–11 from 1164 kt to 2665 kt. The emissions are expected to 

grow further by 1.5 times till 2031 and 2.3 times by 2051.[8] 

 

Figure 1.10 shows past and projected growth of CO emissions in India from 2001 to 2051, 

which is more in gasoline engines compare to diesel vehicles. Two wheelers and car have 

major contribution in CO emissions which is near about 38%.This emissions grew from 

1,983 in 2001 kt to 2,777 kt in 2011. The emission is expected to grow by 2.2 and 5.1 times 

by 2031 and 2051, respectively.  
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Figure 1.9. Past and projected growth of NOx emissions (kilotonnes per year) in India 

(2001–51) [8]. 

 

Figure 1.10. Past and projected growth of CO emissions (kilotonnes per year) in India 

(2001–51) [8]. 
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Figure 1.11. Past and projected growth of HC emissions (kilotonnes per year) in India 

(2001–51) [8]. 

 

Due to growth in energy consumption and high number of gasoline driven vehicles on the 

roads, 46%  emission share in the overall inventory is by gasoline vehicles only. This HC 

emissions grew from 605 kt in 2001 to 802 kt in 2011 and are expected to grow to 980 kt 

till 2031 and 1103 kt by 2051 which is shown in Figure 1.11.[8] 

 

Figure 1.9 [8] to Figure 1.11 [8] shows the emissions, which clearly indicates that the two 

wheeler segment is the major contributor towards the increase in environmental pollution 

in a country like India.  

 

The study of energy consumption, road vehicles population and the emission profiles of 

automotive sector at international level in general and India in particular reveals that there 

is an urgent need to search for an energy efficient, economical and cleaner alternate vehicle 

fuel that will produce minimum emissions. In this respect, biogas is a well established 

renewable and environment friendly vehicular fuel which can be used in S.I. mode for 

mobile and stationary application. 
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1.4 Biogas as vehicle fuel 

 

Recently, alternative transportation fuels have been receiving increasing attention under the 

sustainable alternative towards affordable transportation (SATAT) programme launched by 

Ministry of Petroleum and Natural Gas, India. The initiative is aimed at providing a 

SATAT as a development effort that would benefit vehicle-users as well as farmers and 

entrepreneurs. Under this programme expansion and installation of compressed Bio-CNG 

plants through agri-waste, animal waste and municipal wet waste is setup mainly through 

independent entrepreneurs. Use of compressed biogas will also help bring down 

dependency on crude oil imports and in realizing the Prime Minister’s vision of enhancing 

farmer’s income, rural employment and entrepreneurship.  

 

Biogas is ideally suitable in remote rural electrification which is still not connected to grid 

line or have a limited access. India has a vast potential of 6.38 X 1010 cubic meter of biogas 

per annum from 980 million tonnes of cattle dung produced. The Nation has launched 

project on biogas development and 36.5 lakh families across the nation have installed the 

biogas plants till the year end 2004, which save 39.6 lakh tones of fuel wood per year.[9] 

India is one of the largest nation which have high potential of installing biogas unit due to 

more number of village communities having large number of cattle, more number of 

dairies, larger quantity of waste generated from municipal wet waste, press mud, from 

sugar industries also yielding a larger scope for producing biogas. In this respect, biogas is 

a well established renewable and environment friendly vehicular fuel which can be used in 

S.I. mode for mobile and stationary application. 

 

The data projected in Table 1.1-1.2 [10-13], gives the composition and combustion 

properties of biogas which makes it a viable fuel for the automotive applications. Biogas is 

safe, eco-friendly, renewable and clean burning fuel which is more safer than CNG. Biogas 

having high octane rating of 130, which is considerably higher than 93 octane for petrol. 

Biogas vehicle is more energy efficient and higher octane rating allows higher compression 

ratios and improved thermal efficiency.  

 

One of the major factors affecting the sale of biogas engines is the de-ration factor (45-50% 

compared to gasoline engine) owing to the gas properties and the cost of these engines as 

most of the biogas engines are diesel engine converts. The factors include low density, low 
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volumetric efficiency, low flame speed and absence of fuel evaporation. Biogas engines 

require compact and turbulent combustion chamber for effective combustion of the charge 

inside the cylinder. Biogas having high knocking stability due to higher octane rating of 

130 allows higher compression ratio. Looking to the above fact the main aim of the 

research work is to reduce the de-rationof power with lower specific fuel consumption and 

emissions. 

 

Looking to the exergy and thermoeconomic-exergoeconomic (cost ) analysis point of view, 

most of the biogas plants in rural areas using food, agricultural waste and bovine waste as 

feed stocks operate on either fixed, floating dome or flexi type biogas plants. The gas 

generation is usually in the range of 2-5 m3 capacity for small farmers. Biogas gensets of 1 

kVA have engines of 210 cc capacities and above can cost around USD $800 to $1200. 

The dedicated biogas genset brings down the cost by 50% since there is no de-ration 

involved. The feeding involves less energy or virtually no energy for mixing the feed 

slurry, the user can run their appliances for 3-4 hours using this technology. 

 

This fact focuses upon the need for development of a biogas engine technology which can 

offer same or better power output with lower specific fuel consumption. 
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Table 1.1. Combustion properties of various gas [10]. 
 
Property  
 

LPG Natural 
gas 

Hydrogen Biogas14 Producer 
gas 

Composition  
(% vol) 

C3H8-30% 
C4H10-70% 

CH4-85% 
C2H6-7% 
C3H8-2% 
N2-1% 
CO2-5% 

H2 CH4-50-70% 
CO2-25-40% 
N2- 0.3-3% 
H2-1-5% 
H2S-20 ppm 

CO-24.3% 
H2-22.6% 
CH4-2.2% 
CO2-9.3% 
N2-41.2% 

Lower heating value 
at 1 atm and 15°C 
(MJ/kg)  

45.7 50 120 17 3500–6000 
kJ/m3 

Density at 1 atm and 
15°C  

2.26 0.79 0.08 1.2 1.05 

Flame speed (cm/s)  38.25 34 275 25 20–30 
Stoichiometric A/F 
(kg of air/kg of fuel)  

 

15.5 17.3 34.2 11                
6 
Nm3air/Nm3 
gas 

1.2       
0.95–1.3 
Nm3air/Nm3 
gas 

Flammability limits 
(vol.% in air) Leaner 

2.15 5 4 7.5 7 

Richer 9.6 15 75 14 21.6 
Octane number 103–105 120 130 130 100–105 
Auto ignition 
temperature (°C)  

405–450 540 585 650 625 

 
 
Table 1.2 Combustion properties of biogas.[11-13]  
 

Properties Parametric values Properties Parametric values 
 

Caloric value 21.5 MJ/lt   
Range: (20.10 – 25.90) 

Minimum energy 
ignition 

464.98 kJ 

Effective 
molecular weight 

27.35  
Range: (24.00 – 29.00) 

Energy content 6.0-6.5 kW/m
3
 

Density 1.0994 kg/m3  
Range: (0.96 – 1.17) 

Ignition 
temperature 

650-750°C 

Specific gravity 0.94 Range: (0.82 – 1.00) Critical pressure 75-89 bar 
Viscosity 1.297 x 10-5 kg/sec/m Critical 

temperature -82.5 
o
C 

Optimum air to 
fuel ratio 

5.5: 1 (15 % biogas) 
Odor 

Bad eggs (the smell of 
H

2
S) 

Flammability 9 % - 17 % biogas in air 
Fuel equivalent 0.6-0.65 L oil/m

3
 

biogas 
Dew point 
temperature 

330.81 K 
Explosion limits 6-12% biogas in air 

Adiabatic flame temperature 1872  
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1.5 Definition of the problem with biogas fuel and its solution 

 

Few of the major concerns deals with biogas fuelled SI engine are mentioned as below; 

 Low power output of 40% to 50% for biogas fuelled engine as compared to 

gasoline due to low density, low volumetric efficiency, low flame speed [14, 18, 47, 

52] and absence of fuel evaporation.  

 

 Lower S/B ratio offers a better compact combustion chamber, which increases the 

mechanical efficiency that improves the performance of the engine. High 

volumetric efficiencies at high engine speeds were obtained at lower S/B ratios 

[62,65]. A fine tuning of S/B ratio has potential to improve heat transfer, mixing 

time or friction, resulting in an overall improvement in engine efficiency 

[54,57,58,60,67]. 

 
 An ideal piston capable of generating maximum turbulence desirable for rapid 

combustion can solve the problem of low burning speeds. Proper selection of piston 

with larger crevices on its crown increases the turbulence levels and combustion 

which in turn improves the engine performances and also reduces engine tail pipe 

emission for a spark ignition engine [34,35,37,40,41,42,43]. 

 
 Biogas having lower laminar flame velocity [14, 18, 47, 52] its combustion period 

is delayed which requires high break down voltage, high ignition energy and hence 

requires higher spark advance [31,46,47,51,54,55,70,71]. By advancing the ignition 

timing the BTE and brake power produced by the biogas fuelled SI engine was 

found maximum [46, 47,71]. Boosting the ignition voltage accelerates the flame 

front to reach the end charge to enable complete combustion. 

 
 Biogas having high knocking stability due to higher octane rating of 130 allows 

higher compression ratio. Increasing compression ratio enhances the brake power 

output, brake thermal efficiency and improve BSFC [15,16,17, 20,22,23,24]. 

 
 The main influence of CO2 in the biogas lowered combustion, which is responsible 

for performance deterioration for engine. Reductions in the CO2 concentration in 
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biogas lead to faster combustion, which improves the thermal efficiency, power and 

BSFC for the biogas fuelled SI engine [17,68,69,70,71,72]. 

 

In order to solve the above problems, various strategies are explored in the current research 

work to enhance the performance of a small biogas fuelled SI engine of 100cc category. 

 

1.6 Objectives and scope of present research work. 

 

It has been observed in the literatures that Biogas engines are a retrofit and usually deliver 

(45-50 % drop in power compared to gasoline engine) owing to the gas properties and the 

cost of these engines as most of the biogas engines are diesel engine converts. The factors 

include due to low density, low volumetric efficiency, low flame speed and absence of fuel 

evaporation. Biogas engines require compact and turbulent combustion chamber for 

effective combustion of the charge inside the cylinder. Biogas having high knocking 

stability due to higher octane rating of 130 allows higher compression ratio.  

 

Further, the parameters like ignition voltage, ignition timing, and stroke to bore ratios does 

influence the performance of the existing biogas system and hence optimization of these 

parameters may lead towards the development of a dedicated Biogas engine technology. In 

order to solve the above problems, various strategies are explored in the current research 

work to enhance the performance of a small biogas fuelled SI engine of 100cc category. 

 

The research work aims is to develop a dedicated biogas fuelled small SI engine 

technology for mobile and stationary application in the range of 80-125 cc category which 

can offer same or better power output with reduced specific fuel consumption and 

emissions as compared to gasoline engine. Generally such small SI engines having low 

power capacity less than 1 kW are suitable in remote rural electrification which are still not 

connected to the grid line or have a limited access.  

 

In order to develop a biogas engine technology the strategies like influence of piston crown 

geometry, compression ratio, stroke-to-bore (S/B) ratio, influence of CO2 in the biogas and 

high ignition voltage of 2 kV on the performance of biogas fuelled small SI engines 100cc 
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category are explored together for the first time to the best of the known available 

literature.   

 

Thus, based on the conclusions derived from the literature, and in order to develop the 

dedicated biogas engine technology the objectives of present work are set as follows: 

 

 To evaluate the performance of Biogas engine at various Compression Ratio (CR). 

 To determine the significance of the piston crown geometry desired to create the 

turbulence inside the combustion chamber through experimental approach. 

 To evaluate the performance of Biogas engine with higher ignition voltage. 

 To evaluate the performance of Biogas engine at various stroke to bore (S/B) ratios. 

 To study the effects of methane content in Biogas on performance of the engine. 

 To evaluate and compare the performance of SI engine at all the above conditions 

with gasoline, scrubbed biogas and biogas as a fuel. 

 

1.7 Original contribution by the research 

 

Based on the experimental investigations on a small 98cc, single-cylinder, four stroke cycle 

gasoline engine which is optimized to run on scrubbed biogas (CH4 93.8%) and raw biogas 

(CH4 56.6%) with successive modifications of piston crown geometry, compression ratio, 

stroke-to-bore (S/B) ratio and high ignition voltage of 2 kV.  

 

The research work has suggested that change in crown geometry, increase in compression 

ratio, reduction in S/B ratio and high ignition voltage can lead to development the biogas 

engine technology. Through the present research, the biogas engine technology has been 

developed in the range of 80-120 cc by exploring the various strategies like the 

compression ratio in a close range of 8:1, effect of crevices on piston crown geometry, 

reduced stroke-to-bore (S/B=0.9) with high ignition voltage of 2 kV. A final configuration 

of S/B= 0.9 having compression ratio 7.8:1 and higher ignition voltage of 2 kV yields 

better performance and low emissions with the least de-ration ( 37% ) can be achieved by a 

dedicated raw biogas engine technology. 
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1.8 Thesis organization 

 

The thesis organized in six chapters which presents detailed information of experimental 

investigations. The Chapter 1 includes an overview of Indian energy rising demand 

scenario, crude oil production consumption statistics, growth of automobile sector and its 

emissions scenario. The chapter also includes importance of Biogas as vehicle fuel its 

challenges and solution. The research scope, objectives, and its contributions are also 

explained in brief in this chapter. 

 

The Chapter 2 briefly presents the work done by various researchers on various aspects 

needed to develop a dedicated biogas engine technology. The aspects include influence of 

compression ratio, piston geometry, ignition system and voltage requirements, stoke-to-

bore ratio and methane content in biogas fuel. Thus, based on the conclusions derived from 

the literature, and in order to develop the dedicated biogas engine technology the objectives 

of present work were decided accordingly. 

 

The Chapter 3 describes the experimental test setup and investigations towards the 

development of a dedicated biogas engine technology. The instrumentation used for test 

setup includes selection of the engine, alternator, selection of pistons, gas mixer, gas 

vaporizer, gas analyzer, gas flow meter, multi-meter, tachometer, load bank, exhaust gas 

analyzer, and biogas fuel (raw and scrubbed) for testing. The chapter also presents 

experimentation procedure and its stages. 

 

The Chapter 4 of the thesis describes the experimental results and its subsequent 

discussions. The experimentation is carried out in stages in a phased wise manner by trying 

to improve upon the performances. The influence of compression ratio, ignition voltage, 

stroke-to-bore ratios, augmented ignition voltage and effects of methane content in Biogas 

on performance of the engine have been experimentally evaluated and compared between 

gasoline, scrubbed biogas and raw biogas. The experimentation work has been performed 

at all the possible combinations of the tests conducted on the test bed to find out the 

optimal configuration that could be proposed as a dedicated Biogas engine technology.  
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The Chapter 5 presents the comparative analysis of experimental results and achievements 

with respect to objectives from the experimental setup are discussed in Chapter 6.   

 

In the final Chapter 7,  the outcome of the present research work that offers a technology 

which yields better performance and low emissions with the least de-ration (37%) which 

can be deemed as a dedicated raw biogas engine technology for mobile and stationary 

application in S.I. mode. The chapter also presents possible scope of work for the future. 
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CHAPTER – 2 
 
 

LITERATURE REVIEW 
 

 

2.1 Introduction 

 

This chapter briefly presents the work done by various researchers on these aspects 

focusing on the need to develop a dedicated biogas engine technology. In lieu of 

development of a dedicated biogas engine technology, lots of research papers from peer 

reviewed journals were studied looking to the major concerns and scope of work for the 

development of the biogas fuel for SI engine technology. 

  

2.2 Major concerns and scope of work for the development of biogas fuelled SI engine 

technology 

Few of the major concerns and scope of work for the development of biogas fuelled SI 

engine are mentioned as below:   

 One of the major factors affecting the sale of biogas engines is the de-ration factor 

(45-50% compared to gasoline engine) owing to the gas properties and the cost of 

these engines as most of the biogas engines are diesel engine converts. The factors 

include due to low density, low volumetric efficiency, low flame speed and absence 

of fuel evaporation.  

 Biogas has high knocking stability due to higher octane rating of 130 allows higher 

compression ratio and improved brake thermal efficiency and power. 

 Due to low flame velocity of 25 cm/s [14], its combustion period is delayed which 

requires high break down voltage, high ignition energy and advance timing. In 

order to enhance the combustion and flame propagation velocity, higher ignition 

voltage is required. Higher ignition voltage accelerates the flame propagation, 

which improve combustion, engine performance and reduce engine emissions. An 

ideal piston capable of generating maximum turbulence desirable for rapid 

combustion can solve the problem of low burning speeds.   
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Biogas engines require compact and turbulent combustion chamber for effective 

combustion of the charge inside the cylinder. Lower S/B ratio offers a better compact 

combustion chamber, which increases the mechanical efficiency that improves the 

performance of the engine.  

 

Looking to the above concerns, extensive literature review was carried out and it 

clearly reveals the following scope of work for the development of biogas engine 

technology. 

 Influence of Compression Ratio (CR). 

 Influence of Piston Crown Geometry. 

 Significance of Ignition system and Voltage requirements. 

 Effects of Stroke-to-Bore(S/B) ratio. 

 Effects of methane content in Biogas on performance of the engine. 

 

2.3 Influence of Compression Ratio (CR) 

 

Biogas has low flame velocity of 25 cm/s [14], so combustion is slow and 

combustion period is long which affects the performance of the engine. Due to high octane 

rating of biogas, it can be run under high CR. Increasing compression ratio and high 

ignition energy increases the burning rate and solves the problem of low burning velocity. 

Increasing compression ratio reduces the ignition delay and increases the brake mean 

effective pressure which improves power and thermal efficiency of the engine. Increasing 

compression ratio also improves the turbulence, which improves combustion. 

 

Eui-Chang et al [15], 2017, studied performance of a small biogas fuelled SI engine with a 

capacity less than 5 kW at various CR and different CO2 dilutions. Influence of CR on the 

performance of engine was examined by decreasing the combustion chamber volume from 

19.3 cc to 16.6 cc.  Increase in CR from 8.0 to 9.22, enhances the BP output from 2.2 kW 

to 2.68 kW, BSFC of the engine from 290.6 
g

h ps  to 218.6 
g

h p s  and BTE from 22.0% to 

29.8%. In the experimentation different CO2 dilution ratios from 0% to 50% were 

investigated which gave maximum engine performance at lowest carbon dioxide dilution. 
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Increase in compression ratio form 8.01:1 to 9.22:1 was achieved by milling the cylinder 

head to 0.026 mm which is shown in Figure 2.1.[15] 

 

Figure 2.1. Machined cylinder head: (a) Left- Before milling. (b) Center- Milling.  

(c) Right- After milling. [15] 

 

The maximum brake power output obtained for compression ratio=8.01:1  is 2.2 kW and 

for CR = 9.22:1 is  2.68 kW  which is shown in Figure 2.2, as the methane flow rate 

increases power output increases for 100% throttling and at constant speed 3600 rpm.  

 

 

Figure 2.2. Brake power of the engines 

with respect to methane flow rate.[15] 

Figure 2.3. BTE of the engines with 

respect to BP.[15] 



Literature Review 
 

 
 

22 
 

As shown in Figure 2.3, the maximum BTE achieved with CR = 9.09:1 and CR = 9.22:1 

are 28.5% and 29.8% respectively and for CR= 8.01:1 it is 22.0%. 

 

 

 
Figure 2.4. Variations of BSFC with 

respect to BP. [15]  

Figure 2.5. BSFC for the CR = 9.22:1 

with respect to BP. [15] 

 

Figure 2.4 shows reduction of BSFC with increase in load and it is optimal at high 

compression ratio. The value of BSFC rises with increase in CO2 content in Biogas which 

is shown in Figure 2.5. 

 

The study concluded that increasing CR compression ratio enhances the brake power 

output, brake thermal efficiency and reduces BSFC for biogas fuelled small SI engine and 

at lowest CO2 concentration highest engine performance is achieved. 

 

E. Porpatham et al [16], 2012, studied the effect of CR on the combustion and performance 

of a SI engine fuelled with biogas. The engine was run on biogas fuel at various CR in the 

range of 9.3:1, 11:1, 13:1 and 15:1. The engine performance parameters and emissions 

were compared at different CR.  
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Figure 2.6. Brake power variation with 

equivalence ratio at full throttle.16] 

Figure 2.7. Brake power Variation 

with equivalence ratio at part 

throttle.[16] 

 

Figure 2.6 and Figure 2.7 show the higher the CR, the higher the BP and increase in CR 

has a more effect at full (100%) throttle as compared to partial (25%) throttle. 

 

 
 

Figure 2.8. Variation of BTE with 

equivalence ratio at full throttle. [16] 

 

Figure 2.9. Variation of BTE with 

equivalence ratio at part throttle. [16] 
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Figure 2.8 and Figure 2.9 present that, with raise in CR from 11:1 to 15:1, the maximum 

BTE rises from 18% to 20%. The increase in BTE for full (100%) throttle is 16.5% and at 

partial         (25%) throttle its value is 11%. 

 
 

Figure 2.10, HC emission variation 

with equivalence ratio at 100% 

throttle. [16] 

 

Figure 2.11, HC emission variation 

with equivalence ratio at 25% throttle. 

[16] 

 
Figure 2.10 shows that of HC emission increases with increase in CR at full throttle 

condition. Figure 2.11 shows that hydrocarbon level raises from 2528 ppm to 4320 ppm 

when the CR increases from 11:1 to 15:1. 

   
 
Figure 2.12, Variation of NOx emission 

with equivalence ratio at 100% 

throttle. [16] 

Figure 2.13, Variation of Carbon 

monoxide emission with equivalence 

ratio at 100% throttle.[16] 
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Due to peak gas temperature at high compression ratio, Nitric oxide (NO) emission level 

rises from 2125 ppm to 2650 ppm, rise in NO level was significant for the compression 

ratio 15:1 and at an equivalence ratio of 0.98. Figure 2.12 shows that rise in the NOx level 

is not so influence till a CR of 13:1. Figure 2.13 shows that with change in the CR no 

significant different in emission of CO levels are found which is very low in the leaner than 

stoichiometric ratio range and it rises in the rich region. 

 

The performance result concluded that increase in CR ratio found to be desirable to 

improve engine performance and decrease emissions for biogas fuelled SI engine. 

 

Huang and Crookes [17], 1998, assessed the performance of biogas fuelled SI engine with 

a variable CR. The test was performed with a variable CR on a SI engine run on biogas. 

The quality of biogas was changed from 0 to about 40% by changing the fraction of CO2 in 

the biogas fuel. The measurements were made for power, thermal efficiency and engine 

exhaust gas parameters like  NOx, CO and total UHC.  

 

Figure 2.14 shows the effects of increasing CR on the performance of engine at a engine 

speed of 2500 rpm, with the 37.5% CO2 content and at 0.97 RAFR. The bmep and BTE 

increases with increase in CR up to a value of 13. 

 
Figure 2.14. Variation of bmep and BTE with CRs at 2500 rpm, RAFR=0.97 and at 

37.5% CO2 fraction [17]. 
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Figure 2.15 Change in exhaust gas emissions with CRs at 2500 rpm, RAFR=0.97 and 

at 37.5% CO2 fraction [17]. 

 

Figure 2.15 shows the change in exhaust emissions with increase in CR, the greater the CR, 

the higher the NOx and HC emissions level. However, change in CR affected less on 

emissions of CO.  

 

The experimental results summarized that: 

 Experimental results concluded that increase in CR improves engine performance 

with CO2 present for biogas-fuelled SI engine. 

 The increase in CR with the CO2 content in the biogas raised the emissions of NOx, 

HC and CO. 

 The results also suggested that presence of CO2 increased HC and NOx emissions 

and reduced engine power and thermal efficiency.  

 

R.J. Crookes [18], 2006, investigated the performance and emissions from single cylinder 

CI and SI engines at variable compression ratio, speed and load capability on a different 

bio-fuels variety including biogas and commercial seed oil. The results concluded that for 
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biogas fuel, containing CO2, emissions of nitrogen oxide were decreased compare to 

natural gas, while UHCs were enhanced and CO emission was affected by A/F ratio. 

 

 
 

Figure 2.16. Effect of CR on BSNOX for various biogas compositions [18]. 

 

A Ricardo E6 1000 cc variable CR research SI engine was tested; the test was carried out at 

a constant engine speed of 2000 rpm and at CR ranging from 4.5:1 to 20:1. Figure 2.16 

shows the effect of compression ratio on engine tail pipe emission of NOx and HC. 

 

Lawankar [19], 2013, investigated the influence of ignition timing and CR on the 

performance of SI engine fuelled with LPG.  

 

The test was performed with a single cylinder, 4-stroke, water cooled CI engine converted 

to run as SI engine with a 2kW power output at 1500 rev/min. The engine was operated on 

LPG and Gasoline fuels at different ignition timing and CR ranging from 9:1 to 12:1. The 

CR of the selected engine was modified by adding shims plates between the cylinder head 

and block. The emissions of HC and CO were measured by commercial five gas analyzer at 

different operating condition. 
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Figure 2.17. Comparison of pick BTE at different CRs, for petrol and LPG fuel [19]. 

 
Figure 2.17 presents, the comparison of maximum BTE different CRs for petrol and LPG 

fuel. The BTE for both LPG and gasoline fuelled engine were found to be increasing at 

high compression ratio due to rise in pressure and combustion temperature with load. LPG 

had high knocking stability due to higher octane rating, which allows higher compression 

ratio, so its efficiency is maximum at higher CR. 

 

The study concluded that for LPG fuelled engine at lower CR, the BTE decreases by 4-10 

% and at higher CR it is increased by 15-60 %. The HC and CO emissions were reduced by 

70-80 % and 40-70% respectively at higher CR for LPG fuelled engine compared to petrol 

engine.  

 

Gupta et al [20], 2018, investigated the effect of CR on the combustion and performance of 

a single-cylinder, water-cooled, variable CR, SI engine running under methane and 

gasoline at constant equivalence ratio. The emissions and performance of the engine were 

evaluated by changing the CR from 8.5:1, 10:1 and 12:1 for SI engine using methane fuel. 

The CR of the engine was varied by the cylinder head liner assembly movement during 

experimentation. 
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Figure 2.18. Variation of BSFC for a 

given load for CH4 and petrol at CR 

8.5:1 –1500 rpm [20]. 

Figure 2.19. Variation of BSEC for a 

given load for CH4 and petrol at CR 

8.5:1 –1500 rpm [20]. 

 

Figure 2.18 presents the change in BSFC for a given load when engine was tested with 

petrol and CH4. There BSFC decreases for both CH4 and gasoline as the load on engine 

increased. At 5 N-m and 14 N-m loads the BSFC for CH4 was decreased by 15.6% and 

12% respectively as compared to petrol. There was a reduction in BSFC with the rise in 

load due to rise in I.P whereas F.P remains same [21].  The combustion improved and 

BSFC decreased due to rise in in-cylinder temperature.  

 

Figure 2.19 presents the variation of BSEC for a given load when engine was operated with 

petrol and CH4. There was a drop in BSEC for both CH4 and petrol as the load on engine 

increased. However, for methane the value of BSEC is lower than petrol at all the load 

range. The BSEC for methane was reduced by 3.2% and 18.2% as compared to gasoline at 

the loads of 14 N-m and 5 N-m , respectively. 

 
Figure 2.20. Various combustion 
duration for petrol and CH4 fuel at 
different loading conditions at CR 
8.5:1 [20]. 

Figure 2.21. Change in NO emission 
for petrol and CH4 fuel at different 
loading conditions at CR 8.5:1 [20]. 
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The different duration of combustion with different load for both petrol and CH4 is shown 

in Figure 2.20. Due to low flame speed of CH4 the combustion duration for CH4 is more 

than petrol for all the load range. In addition, at high load in-cylinder temperature is more 

which approaches the complete combustion reduced the CD. 

  

Figure 2.21 shows the variation of emission of NO for a given load for both petrol and 

CH4. The NO emission was increased with the rise in load for both fuel and it was found 

that NO emission was reduced for CH4 for all the load range as compared to gasoline. 

 

 

 
Figure 2.22. Change in HC emission 
for petrol and CH4 fuel at different 
loading conditions at CR 8.5:1 [20]. 
 [20]. 

Figure 2.23. Change in CO emission 
for petrol and CH4 fuel at different 
loading conditions at CR 8.5:1 [20]. 

 

 

Figure 2.22 shows the change in emission of HC at various loads when engine was tested 

under petrol and CH4. The HC emissions was reduced significantly for CH4 as compared to 

petrol fuel. 

 

The variation of CO emission at different load for petrol and gasoline and CH4 fuels is 

shown in Figure 2.23. A reduction in CO was found for CH4 due to lower C to H2 ratio as 

compared to petrol.  

 



Literature Review 
 

 
 

31 
 

  

Figure 2.24. Change in BSFC at 

different loading conditions at various 

CRs. [20]. 

Figure 2.25. In-cylinder pressure 

consecutive cycles[20]. 

 

Figure 2.24 presents the variation of BSFC at various loading conditions for different CRs. 

and it is observed that there is a reduction in BSFC with the rise in in-cylinder temperature 

and pressure with the rise in CR. Figure 2.25 shows records of in-cylinder pressure for 120 

consecutive cycles. The BSFC was improved by about 3.8% and 7.2% when CR was raised 

from 8.5:1 to 10:1 and 12:1.  

 
 
 

 
 

Figure 2.26. Change in combustion 
duration at different loading conditions 
at various CRs [20]. 

Figure 2.27. Change in flame initiation 
duration at different loading conditions 
at various CRs [20]. 

 

Figure 2.26 and 2.27 show the change of combustion duration and flame initiation duration 

at different loading conditions at various CRs respectively. The Figures also give an 
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indication that for a given loading condition , flame initial duration and combustion 

duration reduced with the increase in CR, hence improved the combustion process. 

 
 
Figure 2.28. Change in optimum spark 
advance at different loading conditions 
at various CRs [20]. 

Figure 2.29. Change in CO emission at 

different loading conditions at various 

CRs [20]. 

 

Figure 2.28 shows change in optimum spark advance at different loading conditions at 

various CRs.  Increase in CR decreases the optimum spark advance. The result also gives 

an indication of increase in CR, enhances the flame speed which improves the process of 

combustion. Compared to gasoline methane has low flame propagation speed and high 

self-ignition temperature, hence increasing CR enhanced the flame speed and cylinder 

pressure which results in improvement of the engine performance.[22] 

 

Figure 2.29 shows change in CO emission at different loading conditions at various CRs. 

The increase in CR reduces CO emission due to rise in temperature and in-charge pressure 

which enhanced the combustion.  

 

It was found that: 

 

 Increase in CR, decreases the optimum spark advance and increases the flame speed 

which improves combustion process. 

 Increase in CR enhanced the flame speed and cylinder pressure for methane fuel 

which results in improvement of the engine performance. 
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 The increase in CR reduces CO emission due to rise in temperature and in-charge 

pressure which enhanced the combustion. 

 

 
Figure 2.30. Change in NO emission at 

different loading conditions at various 

CRs for CH4 fuel [20]. 

Figure 2.31. Change in HC emission at 

different loading conditions at various 

CRs for CH4 fuel [20]. 

 

Figure 2.30 and Figure 2.31 show change in NO and HC emission at different loading 

conditions at various CRs for CH4 fuel. The NO emission was raised due to increase in the 

loading conditions for all CR. There was an increase in NO emission with increase in 

loading due to increase in in-cylinder temperature and pressure.  

 

The research study showed that the BSEC and emissions were decreased for CH4 compared 

to petrol at all loading conditions and when the CR was raised from 8.5:1 to 12:1, the 

BSFC was reduced by 7.2%. The performance and emissions improved with increase in 

CR and the combustion variations reduced with rise in CR for SI engine. The emission of 

NO and hydrocarbon was decreased for CH4 compared to gasoline at all loading 

conditions. 

 

Carrera et al [23], 2013, numerically studied geometrical parameters like CR and operating 

parameters like speed, the time of spark timing, change in CO2 concentration in biogas, and 

the excess air in combustion process of an SI engine fuelled with biogas.  In the result an 

equation has been derived, expressing the combustion characteristic parameters, as a 

function of operation and the geometric parameters of SI engine. 
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Figure 2.32 Main effects of the variables studied in the combustion duration [23]. 

 

Figure 2.32 shows the effects of the variables studied in the combustion duration; it also 

shows 5 lines of different slope. The first line on the left states that the average value of 

combustion duration was 35° of crank shaft rotation when the CR was 14 and for the CR 

8.4 the average value of the combustion duration was 48° of crankshaft rotation. This 

indicates that for high CR the temperature and in-cylinder charge pressure is high, hence 

combustion duration is less for an SI engine fuelled with biogas. 

It was concluded that for biogas fuelled SI engine for higher CR the in-cylinder charge 

temperature and pressure is high, hence combustion duration is less. 

 

Bora et al [24], 2015, optimized the CR and injection timing for biogas fuelled diesel 

engine. The engine was operated at various ITs and CRs of 18, 17.5, 17 and 16 at various 

load conditions. The optimum results were found for IT of 29° BTDC and CR of 18 for 

pilot fuel. There was an improvement in BTE under duel fuel for high CR; this is due to 

complete combustion of biogas. The combustion time decreases with increase in CR, which 

enhanced the air mixture velocity of burning of biogas fuel. This means, at high CR 

combustion of biogas starts early and the biogas flow rate (BFR) also decreased. There was 

a reduction of 24.81% in BFR and increase in net HRR with increasing the CR form 16 to 

18 under biogas and diesel fuel mode. 

It was found from the experimentation that: 

 

 There was an improvement in BTE under duel fuel for high CR; this is due to 

complete combustion of biogas.  
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 The combustion time reduces with increase in CR, which enhanced the air mixture 

velocity of burning of biogas fuel. This means, at high CR combustion of biogas 

starts early and the biogas flow rate (BFR) also decreased.  

 

Bora et al [25], 2014, investigated the influence of CR on the performance, emission and 

combustion characteristics of a CI engine run on raw biogas. The experiment was carried 

out on a 3.5 kW single cylinder, VCR CI engine which was modified into a biogas run dual 

fuel CI engine. Experiments were carried out at various CRs and at different load at fixed 

injection timing at 23° bTDC. The result concluded that for duel fuel mode maximum BTE 

was found 20.04 % at CR of 18 and for diesel mode it was found 27.76% at CR 17.5. There 

was a reduction in emission of CO and HC when CR was raised from 16 to 18 for duel fuel 

mode. Increase in CRs also increase NOx and CO2 emission. It was concluded that increase 

in CR reduced the emission of CO and HC for both fuel mode. 

 

Eric et al. [26] investigated the spark timing effects, CR and equivalence ratio on the 

performance of a removable dome head (RDH) SI engine. The effects on engine 

performance were measured by varying the CR from 5:1 to 9:1. The increase in work-out at 

higher CR and greater IMEP was achieved at higher CR for SI engine. 

 

Sayin et al. [27], 2011, investigated the impact of CR and injection parameters on the 

emission and performance of a direct injection CI engine fuelled with blended. For study, 

three CR of 17,18 and 19 were used. The investigation concluded that increase in CR 

improved the BSEC and reduced HC and CO emission respectively.  

 

Wardzinski et al [28], 1991, designed and introduced a variable compression ratio engine 

attached with a mechanism. The CR of the engine was changed by changing the crank 

radius. The variable R/L engine of 650cc displacement in volume was used for research 

purpose.  



Literature Review 
 

 
 

36 
 

 

 
Figure 2.33. Effects of stroke lengths of piston on the ε [28]. 

 

Figure 2.33 shows effects of stroke lengths of piston on the ‘ε’ value. The displacement 

volume of the engine becomes smaller at higher CRs. 

 

 

 
Figure 2.34. Fuel consumption 
dependency on the ε [28]. 

Figure 2.35. Engine power dependency 
on the ε [28]. 

 

 

Figure 2.34 shows the fuel consumption dependency on the ‘ε’. It clearly shows that fuel 

consumption is depends on engine cycle variations. Figure 2.35 shows the profile of the 

engine power found from engine torque.  
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Figure 2.36. The effective efficiency 
dependency on the ε [28]. 

Figure 2.37. The mechanical efficiency 

dependency on the ε [28]. 

 
Figure 2.36 presents the dependence of the effective efficiency on the CR is similar to that 

of the thermal efficiency. Figure 2.37 presents the dependence of the mechanical efficiency 

on the CR and it is more at higher CR and it is due to the increase of the cycle work.  

It was concluded that the application of variable R/L engine concept continuously adjust 

the CR while the engine in running condition. The increasing in CR improved engine 

power, effective efficiency, and mechanical efficiency for variable R/L engine. 

 

Motoyama et al [29], 1993, investigated the higher CR effect in 2- stroke air cooled bike 

engines. The seven CRs in the range of 6.6-13.6 were obtained by varying the dome depth 

of combustion chamber.  

 

Figure 2.38. Fuel consumption 

characteristics at various CR [29]. 

Figure 2.39. Improvement in thermal 

efficiency for various CR [29]. 
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Figure 2.38 shows the BSFC results at various CRs. The effect of increasing CR improved 

the BSFC. The improvement rate fails to achieve theoretically expected values due to 

various losses. Figure 2.39 shows that increase in CR improve the thermal efficiency.  

 

The study concluded that the engine power output increased at higher CRs, however due to 

knocking of the engine the maximum CR is limited. The engine fuel consumption 

improved at higher CR. The fuel-air cycle thermal efficiency was also increased with rise 

in CR. 

 

Siewert et al [30], 1993, studied the strategies of emission control for passenger car fuelled 

with CNG and methane. The performance tests were carried out with a 2.8-L engine at the 

base CR of 8.9:1, CR was then raised to 11.5:1 and 14:1. At the base CR emission control 

strategies were explored for lean and stoichiometric mixture. The fuel consumption and 

exhaust emissions on the highway and the US urban driving cycles were estimated when 

CR was then raised to 11.5:1 and 14:1.  

 

 

Figure 2.40. CR effects on engine-out 

emissions on simulated urban driving 

cycle [30]. 

Figure 2.41. CR effects on tailpipe 

emissions on simulated urban driving 

cycle [30]. 
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Figure 2.40 shows the engine emissions of CO, HC and NOx for urban driving cycle which 

depends on CR with methane fuel.  The Figure 2.40 and Figure 2.41 show that for methane 

fuel under stoichiometric condition the NOx emissions of the engine decreases with the 

increase in CR and which is lower than gasoline at the base CR. The HC emissions of the 

engine increase with the rise in CRs. 

 

Takagaki et al [31], 1997, investigated the effects of CRs between 8 and 15 on NOx and 

HC emissions from a single cylinder SI natural gas fuelled engine.  

 

The NOx and HC emissions increase with increase in CR and high efficiency and low 

emissions were achieved for a fully optimized SI engine fuelled with natural gas.  

 

 

 
Figure 2.42. Effect of CR on NO and HC at equivalence ratio  = 0.97 [31]. 

 
 
Figure 2.42 shows that increase in CR initially increased the NO emissions but then it is 

decreased. The HC emissions at constant spark timing also increased with increasing the 

CR. 
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Figure 2.43 CR effects on HC emissions at various spark timing [31]. 

 

Figure 2.43 shows the HC emissions at various spark timing and it is reduced by advancing 

the spark timing due to increase in exhaust temperatures. 

 

Figure 2.44 Effect of CR on NO emissions at different spark timing [31]. 

 

Figure 2.44 shows that for constant spark timings with increasing CR increase NO 

emissions for wide open throttle.  

It was summarized that: 

 The NOx and HC emissions increase with increase in CR. High efficiency and low 

emissions were achieved for a fully optimized SI engine fuelled with natural gas.  

 HC emissions at various spark timing is reduced by advancing the spark timing due 

to increase in exhaust temperatures. 

 

Kim et al [32], 1999, investigated NMHC, CO2, CO and NOx emissions from a four-

cylinder SI engine fuelled with gas at two CRs. The CO2 emissions decrease for lean 

mixture at the higher CR. 
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Figure 2.45.  NOx, CO, CO2, NMHC, SR, fuel components and BSR emissions under 

lean burn conditions [32]. 

 

Figure 2.45 shows that at higher CR the NMHC emission was more and there were a little 

effects of CR on NMHC for natural gas due to methane content in it. Higher CR and lean 

burn method increases the engine efficiency and decreases the NOx and CO2 emissions. 

Combustion is more stable due to higher combustion temperature , pressure, and intensity 

of turbulence at high CR. The SR is reduced and HC emissions increase at higher CR. 

The results summarized that at high CR combustion is more stable due to higher 

combustion temperature, pressure, and intensity of turbulence. The HC emissions increased 

with raising the CR. 
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2.3.1 Outcomes from literature survey of influence of Compression Ratio (CR) 

 

 Biogas is having high knocking stability due to higher octane rating of 130 allows 

higher compression ratio. Increasing CR enhances the brake power output, brake 

thermal efficiency and improves BSFC. [15,16,17,20,22,23,24] 

 

 Biogas is having low flame velocity of 25 cm/s [14, 23], so combustion is slow and 

combustion period is long which affects the engine performance. Increasing CR 

ratio and high ignition energy increases the burning rate and solves the problem of 

low burning velocity. [22,23,24,31,37] 

 

 The NOx and CO emissions in general decrease while HC emission increases with 

increase in CR. [16,17,22,30,31,32] 

 

 Increasing CR also improves the turbulence and improves combustion and 

performance of an SI engine fuelled with biogas when CO2 was present.[17,31] 

 

 

2.4 Influence of Piston Crown Geometry.  

 

Biogas engines require a turbulent and compact combustion chamber due to its lower flame 

propagation properties and hence require proper mixing of fuel and air as well for the flame 

to propagate to the end charge, making it necessary for the development of piston 

geometries which can develop turbulence intensity inside the combustion chamber. The 

shape of the Piston Crown Geometry plays main role in improving the turbulence levels 

and proper selection of piston with larger crevices on its crown increases the turbulence 

levels and combustion which in turn improves the engine performances and also reduces 

engine tail pipe emission for a Biogas fuelled SI engine. 

 

K. Ravi et al [34], 2018, theoretically and experimentally investigated the effects of piston 

squish area on charge motion by CFD. The piston crown geometry was optimized and it 

was concluded that optimal piston squish area improved the combustion characteristics, 

performance, and decreased the emission of an SI engine fuelled with LPG. 
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During experimentation a LPG fuelled 4 stroke, single cylinder,  air cooled, SI engine at a 

CR of 10:1 was tested and readings like speed, torque, MBT timing, in-cylinder pressure, 

intake manifold pressure, air flow rate, fuel flow rate, inlet and exhaust gas temperature, 

tail pipe emission levels of HC, CO, and NOx datas were taken during performance. 

 

Table 2.1. Magnitude of squish velocity for various piston configurations (10 bTDC) 

[34]. 

 

 

 

Table 2.1 shows the peak squish velocity achieved for various piston squish configurations 

at 10 bTDC. It was found from the CFD analysis that highest squish velocity of 7.5 m/s 

obtains at 10°bTDC. 
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Figure 2.46. TKE plots for all configurations of piston [34]. 

 

Figure 2.46 shows the TKE plots for all the four configurations of piston at a CA position 

of 10° before power stroke. The fluid motion having high velocity due to the bowl shape 

chamber enhances the turbulence generation, it also helps in quiescent air motion to 

increase the combustion rate, the TKE at various piston squish configurations is shown in 

Table 2.2. Highest BTE is achieved due to enhanced combustion and highest turbulence 

generation for 30% squish area piston which is shown in Figure 2.47. 

 

  

 

Figure 2.47. Variation of BTE with 
BMEP [34]. 

Figure 2.48. Variation of emission of 
HC with BMEP[34]. 
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Figure 2.48.  shows the change of HC emission with the BMEP. Due to higher flame speed 

and more combustion temperature the emission of HC is reduced and it is minimum for 

30% squish area piston. 

 

 

 
Figure 2.49. Different emission of NOx 

with BMEP [34]. 

 

Figure 2.50. Different emission of CO 

with BMEP [34]. 

 

Figure 2.49 and Figure 2.50 show the variation NOx and CO emission with BMEP. The 

NOx emission for 25% squish area piston is minimum; it is high for higher BMEP and low 

for lower BMEP. The emission of CO for 30% squish area piston is lowest because of 

higher turbulence and enhanced combustion.  

 

The CFD and experimental result concluded that for high squish area piston (30%) highest 

BTE and TKE is achieved due to better charge motion and enhanced combustion and 

reduces HC emission. 

 

K. Ravi et al [35], 2017, investigated the piston geometry effects on emission 

characteristics, performance, and combustion of an SI engine fuelled with LPG. The 

different piston squish area (40%, 35%, 30% and 25% of total area of piston) was analyzed 

during experimentation at a CR of 10:1 at full throttle condition. 
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Figure 2.51. Design of 2 piece piston– base piston and four piston crown inserts with 

different squish area of 40%, 35%, 30% and 25% [35]. 

 

Figure 2.51 shows 2 piece novel design of piston in which the bowl and squish height was 

changed by replacing the piston crown insert which was fastened to the base piston. The 

standard thickness shims were used to change the clearance height was placed between the 

crank case and cylinder block. 

 
 
Figure 2.52. Change in of brake power 

with equivalence ratio at full throttle 

[35]. 

Figure 2.53. Change in BTE with 

equivalence ratio at full throttle [35]. 

 



Literature Review 
 

 
 

47 
 

Figure 2.52 and Figure 2.53 show that peak power output is obtained for 30% squish area 

and the brake power beyond 30% squish area piston reduce significantly. Increase in BTE 

for 25% and 30% squish areas piston due to optimum turbulence and improved 

combustion. 

 

 
 

Figure 2.54. Change in HC emission 

with equivalence ratio at 100% throttle 

[35]. 

 

Figure 2.55. Change in CO emission 

with equivalence ratio at 100% throttle 

[35]. 

 
 

Figure 2.54 and Figure 2.55 show that the emission of HC for 30% squish area piston is 

low compared to other squish area pistons. The emission of NO increased for 25% and 

30% squish area pistons compared to other pistons.  

 

It was found that increase in BP, BTE and decrease in HC emission level for 30% squish 

area piston and it was the most suitable piston for a lean burn SI engine fuelled with LPG.  

 

Antony Raj et al [36], 2013, studied various piston configurations for effective air motion 

inside the cylinder using 4 configurations pistons viz., inclined, flat, inclined offset bowl 

and centre bowl pistons. The studied results obtained with the CFD analysis are compared 

with the experimental results available in the literature. 
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Figure 2.56. Measured and predicted flow pattern for centre bowl flat piston and flat 

piston at a CAD of 540 [36]. 

 

Figure 2.56a and b show the measured and predicted flow pattern for centre bowl flat 

piston and flat piston at a CAD of 540. It has been predicted form the result that the entered 

fluid filled into the engine cylinder produces a tumble vortex and this formation of vortex 

and the movement of air inside the combustion space enhances combustion due to proper 

air–fuel mixing. 
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Figure 2.57. Measured and predicted flow pattern for inclined offset bowl and 

inclined piston at 540 CAD [36]. 

 

Figure 2.58a–d. Variation of TKE with Crank Angle Degree for various crowns 

shapes [36]. 
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Figure 2.59a–d. Variation of tumble ratio with Crank Angle Degree for various 

crowns shapes [36]. 

 

It is summarized from the Figure 2.57-2.59 that the flat piston with centre bowl shows the 

best result in terms of tumble ratio, turbulent intensity, turbulent kinetic energy and length 

scale during CFD analysis. The flat piston with centre bowl imparts proper air motion and 

hence it enhances the engine efficiency. 

 

Yamakawa et al [37], 2011, developed combustion technology to prevent output power loss 

for a high CR SI engine. This technology allowed to increase the CR as a result, thermal 

efficiency of the engine has been improved. 
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Figure 2.60. Shape of the piston top for each compression ratio [37]. 

  

The CRs of the engine were varied from 11.2 to 15.0 in order to study the level of torque 

loss due to knowing. The higher CRs were achieved by selecting the piston with their top 

faces raised which is shown in Figure 2.60. 

 

 

 

Figure 2.61a-b Effect of compression ratio on combustion speed [37]. 

 

Figure 2.61a-b show the knock limit for each CR at 8° after top dead center (ATDC), with 

increase in CR from 11.2 to 13.0, the heat release rate slowed and its duration became 

longer. 
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Figure 2.62. Effect of tumble and flame 

in cylinder of transparent engine [37]. 

Figure 2.63. Relation between CR and 

fuel consumption [37]. 

 

Figure 2.62 shows the convex shape combustion chamber, conflicts of in-cylinder flow 

occurring during compression stroke it weakened the tumble and flame. For the CR of 

13.0, the combustion speed was much faster in the early stage. 

 

Figure 2.63 shows the fuel consumption for each CR and the fuel consumption didn’t 

improve in case of CRs higher than 13.0. The theoretical thermal efficiency increases with 

increase in CR. 

 

 

Figure 2.64 Comparison of air motion 

and flame between convex and cavity 

piston [37]. 

Figure 2.65 Heat release rate 

comparison between convex and cavity 

piston[37].

Figure 2.64 shows that by preventing in-cylinder flow the initial flame can be developed, 

the CR was changed from 15.0 to 14.5 in order to accelerate the flame propagation. Figure 



Literature Review 
 

 
 

53 
 

2.65 shows the improvement of constant volume degree by 3.8% and apply the same 

ignition timing as that of convex piston. 

 

The result concluded that: 

 High CR accelerates the combustion speed, a rapid combustion by the use of cavity 

piston and intensified tumble flow.  

 Increasing compression ratio and higher cleavage on crown of the piston enhance 

engine performance.  

 The fuel consumption didn’t improve with rise in CR but the reduction in cooling 

loss by the cavity piston improved thermal efficiency.  

 

Ballapu et al [38], 2015, analyzed air-fuel interaction and in-cylinder flows produced by 

various  piston shapes namely, flat-with-center-bowl, flat, inclined with-center-bowl and 

inclined pistons at the time of fuel injection for direct injection SI engines using CFD 

analysis.  
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Figures 2.66-2.69 show the tumble vortices for all pistons at the center of the combustion 

chamber at an engine speed 1000 rpm, at the end of suction stroke.  The comparisons of in-
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cylinder velocity vector for different pistons were obtained from the CFD analysis and the 

same were compared with PIV experiments. 

 

 

Figure 2.69. Comparison of TKE and TR for flat piston [38]. 

 

 

 

Figure 2.70. Comparison of TKE and TR for flat-with-center-bowl piston [38]. 

 

 

 

Figure 2.71. Comparison of TKE and TR for inclined piston [38]. 
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Figure 2.70 and Figure 2.71 show the comparison of tumble ratio (TR) and turbulent 

kinetic energy (TKE) at different crank angles from PIV and CFD analysis for various 

piston shapes. It also shows that the trends of the TKE and TR of CFD results are in 

considerably good agreement both quantitatively and qualitatively with those of PIV 

experiments. 

 

Johansson et al, [40], 1995, studied the combustion chamber effects on emissions and 

combustion parameters in a natural gas S.I engine. Figure 2.72 a-b shows ten various 

geometries were used and found a large difference in the combustion rate between the 

chambers.  

 

 
 
Figure 2.72-a. Four different piston crown geometries for VOLVO TD102 engine [40]. 
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Figure 2.72-b. Six different piston crown geometries for VOLVO TD102 engine [40]. 
 
 

In the experimentation turbulence, mean velocity and heat release rate during the crank 

angle interval -50° to 50° from top dead center were measured for the different combustion 

chamber.  
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Figure 2.73 Turbulence mean velocity, and heat release rate for different combustion 

chamber during the crank angle interval -50° to 50°  from TDC [40]. 

 

Figure 2.73 shows the rate of heat release rate and turbulence for the engine speed of 1200 

rpm, the change of turbulence during the revolution of the engine gives various possibilities 

for the turbulent flame propagation.  
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The results concluded that the square geometry gives a faster combustion rate due to peak 

value and better timing. The cylindrical combustion chamber has high peak turbulence and 

same kind of trend is found in the nebula chamber. 

 

 

 

Figure 2.74 Turbulence, mean velocity and heat release rate for various combustion 

chamber during the crank angle interval -50° to 50° degrees from TDC [40]. 

 

Figure 2.74 shows: 

 The peak in turbulence in hemi chamber with a CR of 16:1 has been obtained while 

the turbine chamber shows the opposite trend.  

 

It was found from the experimentation that: 

 The flow field in the cylinder is affected by the design of piston crown. There was a 

change in combustion duration due to turbulence in all combustion chambers.  

 The pistons with square cross sections and cylindrical of the bowl give the 

maximum peak levels of turbulence.  
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J. Li et al [41], 2014, studied numerically bowl geometry effects of piston on emission 

characteristics and combustion of biodiesel fueled CI engines. Three piston bowl 

geometries viz., hemispherical, shallow depth and baseline omega combustion chamber 

were created for study the combustion process using CFD with the same CR of 18.5.  

 

The study concluded that a strong squish is generated due to narrow entrance of 

combustion chamber at high engine speed, which enhanced the mixing of fuel and air. 

Also, at low speed the shallow depth combustion chamber is favorable but it generates 

higher NO emission and at high speed omega combustion chamber is preferred.  

 

Alkidas et al [42], 1995, developed model which predicts the piston crevice geometry 

effects on engine HC emission. In the investigation an influence of piston crevice volume 

geometry engine on the HC emissions was assessed. The 20-25% reduction in HC 

emissions was found at part loads.  

 

Polus et al [43], 1983, investigated the effect of combustion chamber geometry on SI 

engine combustion and on the flame propagation.  Figure 2.75 shows four simplified 

combustion chamber shapes viz., open, disc, bowl-in piston and hemispherical were used 

for study. All chambers were made for the same stroke and bore.   

 

 

 

Figure 2.75. Tested combustion chamber geometries [43]. 
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The tested results summarized that: 

 The shape of the combustion chamber significantly influences the rate of flame 

entrainment and spark plug location plays more important role than the details of 

the actual shape.  

 

 The burn duration is more affected by combustion chamber geometry and burn rate 

is increased by change in chamber geometry which reduces heat loss and increases 

thermal efficiency. 

 

2.4.1 Outcomes from literature survey of influence of Piston Crown Geometry 

 

 Shape of the geometry of the piston crown plays main role in improving the 

turbulence levels and hence emission characteristics and performance of the engine. 

[36,37,40,49] 

 

 Proper selection of piston with larger crevices on its crown increases the turbulence 

levels and combustion which in turn improves the engine performances and also 

reduces engine tail pipe emission for a spark ignition engine. [37,40,42,49] 

 
 The squish area piston is necessary for creating turbulence which promotes 

thorough fuel/air (F/A) mixing, enhanced burn SI engine combustion, increases BP, 

BTE and reduces HC emission for lean.[34,35] 

 
 It was observed that increase in brake power and brake thermal for high squish area 

piston (30%) and it was the most suitable piston for lean burn SI 

engine.[34,35,41,43] 

 It was observed that for high squish area piston (30%), high Turbulent Kinetic 

Energy (TKE) is achieved due to better charge motion and enhances combustion 

which reduces HC emission[34,35,40,43]. 

 

 Increasing compression ratio and higher cleavage on crown of the piston improve 

performance of the engine.[37,49] 
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2.5 Significance of Ignition system and Voltage requirements 

 

Biogas is having lower laminar flame propagation velocity of 25 cm/s [14], hence requires 

proper mixing of fuel and air as well to propagate the flame to the end charge. Its 

combustion period is delayed which requires high break down voltage, high ignition energy 

and advance timing. In order to enhance the combustion and flame propagation velocity, 

higher ignition voltage is required. Higher ignition voltage accelerates the flame 

propagation, which improve combustion, reduce engine emissions and enhance engine 

performance. 

 

Gardiner et al. [44] experimentally compared the requirements of ignition voltage for 

gasoline and natural gas fuelled Bi-Fuel passenger car. In order to study the effects of 

voltage requirements (such as electrode temperature , cylinder pressure and fuel/air  ratio) 

were measured during the transient tests. 

 

 

Figure 2.76. Factors Which Affect Required Voltage [44]. 

 

Figure 2.76 shows the factors which affect required voltage to fire the spark plug. It was 

found from the result that natural gas/air mixtures required a higher breakdown voltage 

compared to gasoline fuelled engine. Depending upon the fuel type and operating 

conditions the ignition voltage requirements could be lowered or raised. 
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Figure 2.77. Relative effects of cylinder pressure and electrode temperature on 

required voltage [44]. 

 

Figure 2.77 shows the relative effects of cylinder pressure and electrode temperature at the 

time of spark on required voltage for gasoline and natural gas fuelled engine. 

 

The results were: 

 For the identical conditions natural gas air mixtures required advanced timing and 

higher breakdown voltage than gasoline, so the spark takes place earlier during the 

compression pressure rise. An additional 2 kV supply to the spark plug can lead to a 

very good improvement in the performances.  

 The voltage requirements with natural gas were found to be constantly higher than 

with petrol. 

 At part throttle, in order to achieve the same power output, gaseous fuel required 

higher manifold pressures increase voltage requirements due to higher compression 

pressures.  

 Natural gas required advanced timing due to slower burning characteristics 

compared to petrol. 

 Thus, it is proposed that at a given electrode temperature the ignition voltage 

requirements for natural gas were higher compared to gasoline. 
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Erkus et al [45], 2015, enhanced the performance of the engine by changing the ignition 

timings for a gasoline engine converted for LPG fuelled engine. The various engine 

performance parameters viz., BP, BSFC, BTE and exhaust emissions such as unburned CO 

, HC, and NOx were evaluated during study. 

 

 

 

 

Figure 2.78. Change in (a) BP, (b) volumetric efficiency, (c) BSFC and (d) BTE with 

various excess air coefficients and ignition timings [45]. 

 

Figure 2.78 shows variations of performance parameters with ignition timings at various 

excess air coefficients. The maximum BTE and minimum BSFC for LPG operations were 

achieved to be 34.89% and 225.75 g/kW-h , respectively when the ignition timing was 

advanced to 28° CA.  
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Figure 2.79. Change of (a) CO, (b) HC and (c) NOx emissions at different excess air 

coefficients with ignition timings [45]. 

 

Figure 2.79 shows changes in HC, CO and NOx emissions at different excess air 

coefficients with ignition timings.  The higher excess air coefficients decrease HC and CO 

emissions. The lowest HC and CO emissions were obtained at excess air coefficient of 1.3. 

The highest NOx emission level was increased at excess air coefficient of 1.0 and 

advancing the ignition timing resulted with rise in NOx emissions. 

 

The results of the experimental study were summarized as follows: 

 The engine performance of an SI engine is enhanced with optimizing the ignition 

timings for LPG fuelled engine. 

 Due to higher octane number advancing the ignition timing enhanced the BP and 

BSFC for LPG fuelled engine. 
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 Advancing the ignition timing increased the hydro carbon and NOx emissions. The 

effect of ignition timing on carbon monoxide emissions is negligible. 

 

Hotta et al [46], 2018, investigated the effect of “variable ignition timing” for an SI engine 

fuelled with biogas.  

 

  

 

Figure 2.80. Effect of Ignition advance on Brake torque, BP, BSFC and BTE [46]. 

 

Figure 2.80 presents the effect of ignition advance on brake torque (BT), BP, BSFC and 

BTE both at wide open throttling (WOT) and partial throttling (PT) conditions. Increase in 

performance parameters like BT, BP and BTE was found as the spark timing is advanced. 

 

 

Figure 2.81. Effect of Ignition advance on CO, CO2, HC and NOx emission. [46]. 
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Figure 2.81 shows the effect of IA on CO, CO2, HC and NOx emission trend of a biogas 

fuelled SI engine both in WOT and PT condition. Change in ignition advance reduces the 

CO and HC emissions but it starts deviating after the point of MBT timing. The emissions 

were found minimum at 45° CA bTDC both in WOT and PT condition. The CO2 and NOx 

emissions rise and then follow decreasing tendency after the point of MBT timing.  

 

 

 

Table 2.3 shows the optimum values of the engine emission, combustion and performance, 

parameters of an SI engine fuelled with the biogas at the MBT (45° CA bTDC).  

 

The experimental results were summarized: 

 

 Biogas fuelled SI engine was operative within the ignition advance (IA) range of 

33-47° CA bTDC both the conditions in PT and WOT. 

 The optimal performance parameters (BP, BTE, BSFC and MBT) were obtained for 

the IA at 45° CA bTDC. The homogeneous and superior combustion in the engine 

cylinder was achieved at the same IA. 

 The average peak cylinder pressure, MGT and NHRR were observed to be 

maximum while HC and CO emission for the IA at 45° CA bTDC were found to 

be minimum.  

 The CO2 and NOx  exhaust emissions were found to be higher at  45° CA bTDC 

due to controlled and complete combustion but they were relatively lower as 

compared to gasoline based engines.  

 



Literature Review 
 

 
 

68 
 

 

Park et al [47], 2017, numerically investigated lean burn capability of SI engines fuelled 

with biogas under dominant variables viz., CO2 contents, boost pressure, spark timing, 

relative A/F ratio, and H2 contents. By advancing spark timing and adding H2, the mass 

fraction of fuel burned improved, enhanced the lean burn capability for biogas fuelled SI 

engine. 

 

  
 
 

Figure 2.82 Difference of experimental 

and numerical peak cylinder pressures 

with spark timing [47].  

 

Figure 2.83 Effect of various biogas 

compositions on laminar flame speed 

[47]. 
 

 

Figure 2.82 shows difference between the numerical and experimental analysis in terms of 

peak cylinder pressure with spark timing. Figure 2.83 shows the numerical results with 

various biogas compositions based on the validated model. It represents laminar flame 

speed (LFS) and maximum LFS as functions of CA and CO2 contents in biogas. The flame 

speed became fast when the methane content was increased and was well described general 

trends compared to many researches [17, 18]. 
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Figure 2.84. RSM: Effect of different biogas contents on MBT timing with relation to 

air/fuel ratio and spark timing. [47] 

 

Figure 2.84 shows the effect of different biogas contents on MBT timing with relation to 

air/fuel ratio and spark timing. The brake torque depends on different CO2 contents, spark 

timings and  relative A/F ratio.. The MBT timing was determined by response surface 

model (RSM) which compared the performance and NOx emissions of the gas engine.  

 

It was summarized that:  

 The mass fraction of fuel burned of biogas fuelled SI engine enhanced with the 

advancing spark timing and adding H2. 

 The flame speed became fast when the methane content was increased. 

 

Zareei et al. [48] evaluated the effects of ignition timing (IT) on performance and emission 

of an SI engine. The optimal engine performance parameters such as power, BMEP, 

torque, volumetric efficiency and emissions were achieved by changing the IT at WOT in 

the range of 41° bTDC to 10° aTDC.  
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It was found that:  

 The optimal power was obtained at 31° CA bTDC and volumetric efficiency, 

BMEP was raised with increasing ignition timing.  

 The engine emission of O2, CO2, CO remained constant, but HC with advance of 

ignition timing raised and the minimum amount NOx was obtained at 10 bTDC. 

The ignition timing is one of the main parameters for optimizing the efficiency and 

emissions for IC engine. 

 

Iyer et al [49], 2008, developed a dedicated CNG engine technology on a 4 stroke 100 cc 

petrol engine with successive modifications. A single cylinder 4 stroke cycle, 100 cc 

gasoline engine retrofit to run on CNG with successive modifications. The various aspects 

like the ignition voltage, CR and the crown geometry of piston were investigated in the 

work to find the performances and emission characteristics of the engine. The ignition 

system was modified to attain a higher ignition voltage; the ignition coil has to be re-

wound with multiple turns to get a better output. The engine performances were improved 

by 10% in CNG itself by increasing the ignition voltage. 

 

Wang et al [50], 2015, established a 3-dimensional CFD model and validated the same on 

an actual biogas fuelled engine. The ignition process of biogas engine was simulated and 

analyzed. The results conclude that ignition performance of biogas engine depends on 

ignition energy, spark plug gap and equivalence ratio in certain range which were 

beneficial to igniting biogas engine. 

  

Figure 2.85. Model validation of biogas 

engine [50]. 

Figure 2.86. Flame kernel radius at 

different ignition energy [50]. 
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To validate the accuracy of the model for biogas engine the tested cylinder pressure and 

simulation results are compared as shown in Figure 2.85. Ignition energy was changed 

from 10 to 160mJ and the combustion was separately simulated, the results are shown in 

Figure 2.86. It shows that the initial flame kernel cannot be generated at 10mJ and the 

ignition is failed below this level for biogas engine. The flame kernel generation duration 

and the ignition delay duration of biogas remain largely unchanged with the increase of 

ignition energy. Increasing the ignition energy in certain range will enhance the generation 

of initial flame kernel for the biogas engine.  

 

The performance of biogas fuelled SI engine is mainly dominated by ignition system, 

ignition energy and fuel mixture. Ignition energy is generated in the breakdown of spark 

plug electrodes caused by high voltage.  

 

Abe et al [51], 2015, developed a new ignition system that reduces the demand voltage and 

uses a high voltage Zener diode to maintain a constant output voltage. The engine 

efficiency, performance and BSFC were improved at higher compression ratio and 

augmented voltage. The engine cylinder pressure was increased at higher CR and it 

required higher demand of voltage and ignition system. It is essential to develop high 

output voltage ignition coils systems for stable ignition with high demand voltage engines. 

 

 

Figure 2.87.  Intake manifold pressure and cylinder pressure relationship at TDC at 

various CR [51]. 
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Figure 2.87 shows the intake manifold pressure and the cylinder pressure relationship at 

different compression ratio. As compression ratio and intake manifold pressure rises, the 

cylinder pressure at the TDC increases. Due to this, spark discharge canoccurre with higher 

breakdown voltage of the ignition coil.  

 

2.5.1 Outcomes from literature survey of Significance of Ignition system and Voltage 

requirements. 

 

 Biogas is having lower laminar flame velocity [14, 18, 47, 52]. Its combustion 

period is delayed which requires high break down voltage, high ignition energy and 

hence requires higher spark advance[31,46,47,49,51,54,55,70,71]  

 By advancing spark timing the mass fraction of fuel burned raised, enhanced the 

lean burn capability for biogas fuelled SI engine.[47,71] 

 By advancing the ignition timing the brake thermal efficiency and brake power 

produced by the biogas fuelled SI engine was found maximum. [46, 47,71] 

 Biogas fuelled SI engine was operative within the ignition advance (IA) range of 

33-47° CA bTDC both the conditions in wide open and partial throttle 

condition.[46,71] 

 The flame speed became fast when the methane content was 

increased.[17,18,47,69] 

 The optimal performance parameters (BP, BTE, BSFC and MBT) were obtained for 

advancing the ignition timing for biogas fuelled engine. [46,47,71] 

 By advancing the ignition timing homogeneous and superior combustion in the 

biogas fuelled SI engine was achieved.[46,71] 

 Higher compression ratio engine required higher demand of voltage and ignition 

system.[45,49,54] 

 At very advanced spark timing, HC emissions were found to decrease with 

increasing spark advance. [31,70] 
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2.6 Effects of stroke-to-bore(S/B) ratios  

 

Rajesh C Iyer et al. [54] investigated the performance of the 100 cu.cm, 4 stroke SI engine 

retrofit with CNG by an on-road test and on a stationary test rig. The significance of 

ignition voltage as well as S/B ratios was investigated in work.  

 

In order to investigate the influence of the S/B ratios, crankshafts were modified by altering 

the crank radius. Tests were conducted for S/B ratios 0.9, 1.0, and 1.1. However, in all the 

above cases, the CR ratio was fixed and no changes were made with the ignition timing 

system. Figure 2.88 shows the crankshafts for LDR 0.9, 1.0 and 1.1 respectively. 

 

 

 

Figure 2.88. Crankshafts of LDR = 0.9, 1.0, 1.1 [54]. 

 

The researchers found the best performance for S/B= 1.1, and the engine was found 

running smooth. The mileage for S/B = 0.9, at high ignition voltage was improved by 9 % 

as compared to S/B = 1.0. The design changes also imply that the S/B may play a 

significant role in making the combustion more efficient. 

 

Elena et al [56], 2015, numerically investigated the effects of bore reduction and 3D 

investigation of knock tendency in gasoline direct injection engine (GDI), the engine 

specific performance improved with a reduced bore stroke (B/S) ratio for the constant 

cylinder displacement of the engine.  
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Spark advance and engine boost were adjusted for achieving the same peak power target 

and 3D CFD tool was calibrated on the reference engine for the calibration of the operating 

parameters.  

 

 

Figure 2.89. B/S reductions at constant cylinder displacement [56]. 

 

To find the effects of downsizing on knock commencement, bore reduction at constant 

cylinder displacement was carried out. Three different B/S ratios (1.06, 0.95 and 0.84) were 

analyzed by keeping the same CR and squish height at TDC. The details of the investigated 

cases of the effect of B/S reduction are shown in Figure 2.89. 

 

 

 

Figure 2.90. Auto Ignition HRR and In Cylinder Pressure at different B/S and 

constant displacement [56]. 

 

Figure 2.90 shows auto ignition heat release rate (HRR) and in-cylinder pressure at 

different B/S and constant displacement. The best result is obtained for smallest bore size, 
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tolerates a more advanced spark advance for given auto-ignition tendency. In the smallest 

bore case the flame front is much closer to the cylinder walls for any given amount of burnt 

fuel.  

 

It was summarized that the decrease in bore size permits the engine to accomplish higher 

specific performance for constant boundary conditions and smallest bore size shows the 

best results. 

 

Filipi et al [57], 2000, investigated the effect of the S/B ratio on combustion, heat transfer 

and efficiency of a spark ignition engine of given displacement. Flame front area maps and 

wall areas in contact with burned gases were examined for S/B ratios of 1.3, 1.0 and 0.7.  

 

 

 

Figure 2.91. Assessment of thermal 

efficiencies and heat losses with 3-

different S/B ratios [57]. 

Figure 2.92. Predicted change in NO 

emission with various S/B. [57]. 

 

Figure 2.91 shows cycle thermal efficiency and heat loss for the different S/B ratios. The 

quick burning and minimum heat loss during combustion improved indicated thermal 

efficiency for higher S/B ratio.  
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Figure 2.92 shows the change in NO emission with the S/B ratios at 1500 rpm, first without 

EGR and next with 15% EGR. The NO emission is much smaller for smaller S/B ratio due 

to trapped unburned charge in the crevice volumes. 

Results show that the S/B ratio has a major effect on both turbulence levels and the 

geometric interaction of the flame front with the combustion chamber walls. Generally, a 

longer stroke leads to higher thermal efficiency through quick burning and minimum 

overall chamber heat loss. 

 

Benajes et al [58], 2017,  analyzed the influence of B/S ratio on emissions and engine 

efficiency of a High Speed Direct Injection (HSDI) engine by means of CFD. A 4 cylinder 

4-stoke HSDI compression ignition engine was used with different B/S ratios 

configurations and engine operating conditions at constant compression ratio. 

 

 

 

Figure 2.93. Piston bowl geometries with various B/S values [58]. 

 

Figure 2.93 shows the shape of the piston bowl was kept unchanged to keep the CR and 

compensation volume constant. Though, the squish gap between the flat top of the piston 

and the cylinder head was kept constant for all B/S ratios. 
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Figure 2.94 shows that pollutants are also affected by various B/S ratios. Increased in NOx 

emission is due to higher in-cylinder temperatures, faster mixing and combustion with 

smaller B/S ratio.  

 

Its results confirmed that: 

 Indicated thermal efficiency was enhanced due to faster combustion and decreased 

in combustion chamber area for lower B/S ratio. 

 NOx emissions increased due to quick mixing and combustion with smaller B/S 

ratio. 

 Fuel rich pockets and soot formation in squish region decreases for lower B/S ratio. 

 A minor change of B/S ratio has potential to develop heat transfer, mixing time, 

resulting in an overall improvement in engine efficiency. 

 

Fasolo et al [59], 2005, optimized combustion system of a new two liter CI engine for at 

high speed and load.  

 

The effect of S/B ratio on engine performance was studied on high engine speeds. In 

comparison to the reference engine set with an 80mm and two higher bore of 83mm and 85 

mm size were found. The related S/B variation is given in Table 2.4. 
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Table 2.4. Selected bore sizes for the S/B ratio study and its effects on air/fuel ratio 

and maximum power [59]. 

 

 

 

 

 

Figure 2.95. Effect of bore size on maximum power (kW) at 4000 rpm [59]. 

 

Figure 2.95 shows that the maximum power improved with the increase in bore size. Hence 

increase in bore size was advantageous and higher B/S ratio allowed wider bowls that 

improve combustion process at high speed and load. The study found that the most 

favorable B/S ratio close to 0.93, produced highest rated power, fuel consumption and 

pollutants.  

 

Vassallo et al [60], 2013, investigated the influence of B/S ratio on combustion 

performance by Design of Experiments (DOE) methodology.  
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Figure 2.96 B/S ratio sharing for passenger cars CI engines and B/S Vs Unit 

displacement (right) [60]. 

 

Figure 2.96 shows the B/S ratio sharing for passenger cars which show top frequency rate 

occurring around 0.95 B/S, with a tendency to raise the square engine in the very last years. 

 

Figure 2.97 shows the torque curve for different B/S ratio 0.92, 1.00 and 1.08. The brake 

torque at higher speed is found to be highest and BSFC is improved for the B/S 1.08.  

 

Figure 2.97 (A-E) shows the engine performance on various B/S ratios on the full load. The 

CR, A/F ratio, valve timings, and turbo-efficiency are kept to be the same as the baseline 

engine values.  

 

The Figure 2.97 also shows that the pumping and friction are lower for higher B/S ratio 

while the heat loss is lower at low B/S ratio. The volumetric efficiency is better for smaller 

B/S ratio engine at lower engine speed. 
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Figure 2.97 (A-E). Result of bore-stroke ratio (B/S) on full load performance [60]. 

 

The study found an optimal B/S ratio near to unity, enables a good equilibrium between 

specific power rating, low-end torque, and higher volumetric efficiency. However, the 

longer stroke length of low bore-to-stroke ratio generates higher friction losses increased 

the thermal efficiency for higher B/S ratios. 
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Lee et al [61], 2010, investigated the effects of 3 S/B ratios (0.5,1.1 and 1.5) on CI engine 

using KIVA-3V, coupled with a multi-zone detailed chemical kinetics solver. The results 

summarized that a cylinder with lower S/B has more heat losses and lower thermal 

efficiency compared to a cylinder with higher S/B ratio. The CO and HC emissions were 

highest with S/B=0.5 and it is favorable for the higher S/B ratio. 

 

Biachi et al [62], 1998, assessed the influence of S/B ratio and combustion chamber design 

on engine performance and investigate the volumetric and thermal conversion efficiency. 

Indicated mean effective pressure was optimized by reducing the S/B ratio. Two different 

S/B ratio engines were studied in the experimentation and its result was summarized as 

follows: 

 

 High volumetric efficiencies at high engine speeds were obtained at low S/B ratios. 

The thermal conversion efficiency falls for lower S/B ratios due to lower burning 

rate and two different S/B ratio engines produced the same indicated power.  

 

 The engine performance was improved up to 4 % with reduced S/B ratio while an 

improvement in power by 2.9 % was witnessed with an increase in compression 

ratio by 3.2 %.  

 
 The flame front area is highly affected by the geometrical shape of the combustion 

chamber, S/B ratio and by spark plug position. 

 
 The highest possible output from a S/B reduction and an optimization of the 

combustion chamber was achieved by optimizing the compression ratio. The 

optimization of piston shape produced major development in the combustion 

process quality. 

 

Adachi et al. [63] developed Toyota four cylinder,1.8-liter, 4-valve engine by optimizing 

the basic specifications for better fuel economy and cleaner exhaust emissions. The engine 

performance was improved by using light weight and compact engine components.  
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Figure 2.98. Comparison of Improvement Ratio of Fuel Economy with stroke [63]. 

 

The B/S ratio values were varied and optimized for better fuel economy which is shown in 

Figure 2.98. It is an estimate based on the correlation between the B/S ratio and the SFC of 

10 different engine models of Toyota.   

 

It was summarized that: 

 Increase in stroke makes the combustion chamber more compact, which results in 

improved thermal efficiency and, hence, better fuel economy.  

 There was an improvement of 3.5 % in fuel economy at S/B= 0.9.  

 The connecting rod length to crank radius ratio of plays a crucial role in engine 

performance. Larger length of connecting rod demands higher piston ring tension 

resulting in more frictional losses and hence resulting in reduced output if S/B is 
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made much lower i.e. less than 0.9. Thus, the most optimal configuration would be 

S/B = 0.9 with LCR / R = 3.2. 

Thornhill et al [64], 1999, investigated the influence of B/S ratio on a 2-stroke cycle 

engine. Four combination of B/S ratios (0.8, 1.0, 1.2 and 1.4) were studied by keeping the 

other factors common.  

 

 
 

Figure 2.99. Mechanical and 

combustion efficiencies for different 

B/S ratios [64]. 

Figure 2.100. Influence of B/S ratios on 

bmep and BSFC [64]. 

 

Figure 2.99 shows combustion and mechanical efficiency for different B/S ratios. The 2 

engines with the bigger stroke are the most effective in term of combustion, but least 

effective mechanically. The difference in combustion efficiency is more than the difference 

in mechanical efficiency. Figure  2.100 shows that the lowest BSFC is achieved with 1.0 

and 1.2 B/S cylinders. 

 

The experimental investigation concluded that: 

 The power of the engine was best with the B/S ratio of 1.0 or 1.2. 

 The engine combustion efficiency likely decreased with rising B/S ratio and 

mechanical efficiency likely improved with rising B/S ratio. 

 The SFC tended to increase with rising B/S ratio. 
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 The result summarized that the B/S ratio of 1.0 or slightly more than 1.0 develops 

best engine brake performance. 

 Decreasing S/B ratio reduces CO and HC emissions of the engine, while NOx 

emissions decreased due to increasing crevice volume and diminishing temperature. 

 

Xinyan Wang et al [65], 2018, analyzed the influence of B/S ration a 2-stroke direct 

injection gasoline engine. Four B/S ratios of 1.3, 1, 0.8 and 0.66 were investigated. The 

outcome  showed that lower S/B ratio improved charging efficiency, delivery ratio, and 

scavenging efficiency. 

 

 

 

Figure 2.101. Influence of B/S ratios on 
SR, TR and CTR at 280°CA [65]. 

Figure 2.102. Evolutions of swirl ratio 
for various B/S ratios [65]. 
 

 

Figure 2.101 shows the tumble ratio (TR), swirl ratio (SR) and cross tumble ratio (CTR) at 

280°CA for different B/S ratios. The in-cylinder flow is controlled by the swirl flow with 

very weak cross tumble and tumble.  The raise in the B/S ratio leads to drop SR and has 

modest influence on TR and CTR. 

 

Figure 2.102 shows that, increase in swirl ratio with the positive scavenging process and 

peaks before BDC. The difference of the swirl ratio profiles between different B/S ratios 

indicates that the bigger B/S ratio tends to have a lower peak swirl ratio. 
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Figure 2.103 and Figure 2.104 show that the trapping efficiency (TE) is reduced with B/S 

ratio rising due to considerably increased delivery ratio. Overall, the augmented B/S ratio 

leads to significantly higher delivery ratio (DR), which improves scavenging efficiency 

(SE). Meanwhile, the biggest B/S ratio of 1.3 produces the highest charging efficiency 

(CE).   

 
 
2.105. Influence of SOA on swirl ratio 
(SR)at 280°CA with various B/S ratios 
[65]. 

 
Figure 2.106. Evolutions of CE with 
DR for various axis inclination angle 
(AIA)s and B/S ratios [65]. 
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Figure 2.105 shows increase in the swirl flow motion due to increase in swirl orientation 

angle (SOA).  A big B/S ratio leads to a lower swirl ratio. As Figure 2.106 indicates, for a 

small B/S ratio, the correlation between charging efficiency and delivery ratio is unaltered 

by the SOA. For a large B/S ratio, the charging efficiency increases.  

 

The results summarized that: 

 The long stroke enables superior in-cylinder turbulence level, which is helpful for 

quick combustion process. 

 The increase in the B/S ratio leads to lower swirl ratio and has small effect on the 

cross tumble ratio and tumble ratio. 

  The larger B/S ratio also significantly rises the delivery ratio, charging efficiency 

and scavenging efficiency. However, the trapping efficiency drops with a larger B/S 

ratio. 

 

Altin et al [66], 2009, investigated the influence of the S/B ratio on the performance 

parameters of a dual-spark ignition (DSI) engine using a quasi-dimensional thermodynamic 

cycle model. The engine performance parameters, viz., engine power, IMEP, SFC, and 

thermal efficiency, were evaluated for several range of S/B ratios and spark-plug locations 

conditions.  

 

 

 
Figure 2.107. Variations of indicated 

mean effective pressures versus the S/B 

ratio [66].  

Figure 2.108. Change of indicated 

specific fuel consumptions versus the 

S/B ratio [66]. 
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Figure 2.107 shows that the values of indicated specific fuel consumption (ISFC) reduce as 

the S/B ratio increases for all spark locations. The variations in thermal efficiency caused 

due to change in ISFC. The reduction of ISFC enhanced the thermal efficiency.  

 

Figure 2.108 shows variations of IMEP for various S/B ratios. The value of IMEP rises as 

the S/B ratio increases. It is noted that compared to the single plug at mid-radius the use of 

dual-plug configuration has an advantage as the S/B ratio increases. 

 
 

Figure 2.109. Variations of indicated 

powers versus the S/B ratio [66]. 

 

Figure 2.110. Variations of thermal 

efficiency versus the S/B ratio [66]. 

 

Figure 2.109 shows variations of I.P for various S/B ratios. The value of indicated power 

rises as the S/B ratio increases. It is noted that the use of dual-plug configuration has a 

benefit as the S/B ratio increases compared to the single plug at mid-radius.  

 

Figure 2.110 compares thermal efficiency for different S/B ratios. The fall in heat loss 

leads to increases in IMEP, hence the thermal efficiency increases with the increase in S/B 

ratios with a decreasing manner for all spark-plug configurations.  

 

It was summarized that: 

 Increases in the S/B ratio cause improvements in engine performance parameters. 

The dual-plug operation also increases the overall engine performance at different 

percentages for the selected S/B ratios. 
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 The thermal efficiency increases with the increase in S/B ratios with a decreasing 

manner for all spark-plug configurations.  

 

Qin et al [67], 2010, investigated the effect S/B ratio on the combustion performance of a 

heavy-duty gaseous SI engine. The CR was kept constant and the S/B ratio was changed 

from 0.94 to 1.32 by varying the stroke length for a fixed bore and connecting rod length. 

 

 
 
Figure 2.111. Volume-averaged 

cylinder TKE at different S/B ratios 

[67]. 

 

Figure 2.112. Swirl ratio for cases of 

different S/B ratios [67]. 

 
 

Figure 2.111 shows the normalized TKE at various S/B ratios. The TKE increases as the 

S/B ratio rises from 0.94 to 1.32, which is owing to the increase of mean piston speed. 

 

Figure 2.112 shows the influence of S/B ratio change on swirl ratio. Swirl ratio is an 

important factor affecting the in-cylinder flow and combustion performance in spark 

ignition engines. The swirl ratio increases with the increase of S/B ratio, which change the 

TKE. 
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Figure 2.113. Cylinder pressure and normalized apparent HRRs at different S/B 
ratios as a function of crank angle degree [67]. 

 
 

Figure 2.113 shows the results of normalized pressure and apparent HRR at various S/B 

ratios. The peak cylinder pressure and peak HRR rise with the rising S/B ratio. This can be 

explained from the rise in turbulence intensity, since higher turbulence results in higher 

turbulence flame speed and hence more intense combustion. 

 

 

 

Figure 2.114. Normalized thermal 
efficiency at various S/B ratios [67]. 
 

Figure 2.115. Normalized fuel specific 
NOx as a function of GISFC at various 
S/B ratios [67]. 

 
 

Figure 2.114 indicates the normalized thermal efficiencies at various S/B ratios. The 

thermal efficiency rises with increasing S/B ratio. The thermal efficiency enhanced about 
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6% as the S/B ratio increases from 0.94 to 1.32. The total heat loss to wall increases with 

increasing S/B ratio.  

 

Figure 2.115 shows the fuel specific oxides of nitrogen (FSNOx) as a function of gross 

indicated specific fuel consumption (GISFC) at different S/B ratios. The GISFC decreases 

as the S/B ratio increases, while the FSNOx increases.  

 

It was concluded that: 

 The S/B ratio has a major effect on turbulence intensity during the suction stroke 

and hence affects the HRR, in-cylinder peak pressure, power, and NOx emissions.  

 The IMEP and NOx emission rise with increase of S/B ratio and reduce with 

increase of engine speed.  

 The gross ISFC and burn duration reduce with increasing S/B ratio and rise with 

rising engine speed.  

  It was summarized, a higher S/B ratio increases the thermal efficiency due to faster 

combustion, and improved fuel economy can be achieved for a long-stroke engine 

at low engine speeds.  

 

2.6.1 Outcomes from literature survey of Effects of Stroke-to-Bore(S/B) ratio 

 The higher S/B ratio leads to a small surface/volume ratio around TDC, decreasing 

the flame contact area with cylinder wall and the corresponding heat transfer loss. 

Hence, due to the faster burning and lower heat loss during combustion improved 

combustion efficiency and indicated thermal efficiency for higher S/B ratio. 

[57,58,61,62,64,66,67] 

 

 NOx emissions increased due to faster mixing and combustion with larger S/B ratio 

[58,64,67].The CO and HC emissions were favorable for the higher S/B ratio. 

[61,64] 

 
 The lower S/B ratio allowed wider bowls that develop combustion process at high 

speed and load. Hence, emission levels in general, tend to decrease at lower L/D 

ratios.[54,58,64,67] 
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 Lower S/B ratio offers a better compact combustion chamber, which raise the 

mechanical efficiency that improves the performance of the engine.[54,63,64] 

 
 High volumetric efficiencies at high engine speeds were obtained at lower S/B 

ratios. The smaller S/B ratio also significantly increases the delivery ratio, charging 

efficiency and scavenging efficiency. [62,63,65] 

 

 A fine change of S/B ratio has potential for better heat transfer, mixing time or 

friction, ensuing in an overall improvement in engine efficiency or power density 

[57,58,60]. The S/B ratio played a significant role in making the combustion more 

efficient.[54,67] 

 

 The S/B ratio has a major effect on in-cylinder processes, primarily flame 

propagation, heat transfer and turbulence intensity during the suction stroke and 

hence affects the HRR, in-cylinder peak pressure, , power, and NOx emissions. 

[57,67] 

 

 

2.7 Effects of methane content in Biogas on performance of the engine. 

 

Kwon et al [15], 2017, investigated the performance of a small biogas fuelled spark 

ignition engine at various CR and different CO2 dilutions. In the experimentation different 

CO2 dilution ratios from 0% to 50% were tested which gave maximum engine performance 

at lowest carbon dioxide dilution.  
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Figure 2.116. B.P of CR = 9.22:1 with respect to CH4 flow rate [15]. 

 

Figure 2.116 and Figure 2.117 compare the power output and the CH4 flow rate as the CO2 

flow rate varies. The graphs show that, as the more CO2 is diluted in the biogas, the larger 

CH4 flow rate is required to generate the same power output. The CH4 amount injected to 

the engine decreases while the CO2 dilution of the biogas increases. Since the CO2 does not 

contribute to the performance improvement of the engine, lack of the CH4 decreases the 

engine efficiency. 

 

 

Figure 2.117. B.P at CR= 9.22:1 with 

respect to CH4 flow rate [15]. 

Figure 2.118. BSFC at CR = 9.22:1 

with respect to B.P [15]. 
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Figure 2.118 shows the effect of CO2 concentration to the BSFC of the engine. Since the 

CO2 does not contribute to the performance improvement of the engine, lack of the CH4 

raise BSFC of the engine.  

 

It was summarized that, the engine performance degrades and BSFC of the engine 

increases with increase in CO2 dilution in biogas. At lowest CO2 concentration, utmost 

performance is obtained for biogas fuelled SI engine. 

 

Byun et al [68], 2009, numerically predicted the performance and emissions characteristics 

of a SI engine generator fuelled with various biogas compositions with varying CO2 

concentrations. 

 

The effects of the addition of CO2 to a biogas decreasing the cylinder pressure, 

temperature, HRR, and flame speed. The MBT timing was calculated, by design of 

experiment (DOE) study for different values of the spark timing and excess air ratio 

(EAR). The CO2 content decreased, while the EAR increased from 1.2 to 1.8 and, the MBT 

timing was far advanced from T.D.C.  

 

  

 
Figure 2.119. Flame speed with 

different amounts of CO2 at a set EAR 

and spark timing [68]. 

 

Figure 2.120. In-cylinder temperature 

and HRR with different amounts of 

CO2 at a set EAR and spark timing 

[68].
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Figure 2.119 shows, the numerical results for flame speed and laminar flame speed at the 

flame front fall during the combustion process as the CO2 concentration increased. The 

flame speed is strongly affected by the laminar flame speed, since laminar flame speed is a 

main parameter for describing the combustion in a 1-dimensional cycle simulation. 

 

Figure 2.120 indicates that as the CO2 concentration increased the in-cylinder temperature 

and HRR decreased compared to pure methane combustion. The peak HRR was reduced by 

up to about 42%, and the maximum temperature was decreased by up to 21%, compared to 

pure CH4 combustion, when the CO2 concentration was raised.  

 

 
 
Figure 2.121 (a) The result of spark timing on peak cylinder pressure with different 

amounts of CO2 at a fixed EAR. (b) The effect of spark timing on ignition delay with 

different amounts of CO2 at a fixed EAR. (c) The effect of spark timing on BSNOx 

with different amounts of CO2 at a fixed EAR [68]. 
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Figure 2.121 illustrate the expected peak cylinder pressure, ignition delay, and BSNOX as 

functions of spark timing. As per the Figure 2.121 (a), the peak cylinder pressure was 

linearly raised by advancing the spark timing below 20°CA bTDC in all cases. The peak 

cylinder pressure remained unaffected when the CO2 concentration increased at a spark 

timing of 10°CA bTDC. 

Figure 2.121 (b) indicates that the ignition delay can be shortened with a reduced amount 

of added CO2 and late spark timing. The ignition delay was increased by an average of up 

to 17%, by increasing the CO2 content from 30% to 50%. The ignition delayed by 13°CA 

with pure CH4 by retarding the spark timing from 50° CA bTDC to 10°CA bTDC.  

Figure 2.121 (c) shows the predicted NOx for various spark timings, with increased in CO2 

content reduced the NOx formation. The engine fuelled with pure CH4 released the largest 

amount of NOx for various spark timings.  

 
Figure 2.122 (a). MBT spark timing at 

various EAR with different amounts of 

CO2. (b). Ignition delay at MBT timing 

with different amounts of CO2 under 

various EAR [68]. 

Figure 2.123 (a). MFB at MBT timing 

with different amounts of CO2 under 

various EAR. (b). Maximum brake 

torque at MBT timing with different 

amounts of CO2 under various EAR 

[68]. 
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Figure 2.122 and Figure 2.123 present the results of the MBT study performed by the DOE 

method for different EAR values. As the CO2 concentration increased, MBT timing was 

advanced and the ignition delay increased. 

 

From Figure 2.136 (a) and (b) it has been observed that adequate mixing time is necessary 

for getting steady combustion with increased CO2. Based on the MBT study, the maximum 

brake torque at MBT timing is marked as a function of EAR for various CO2 concentration.  

 

Figure 2.122 (a) shows the plotting of mass fraction burned (MFB) at MBT spark timing 

for various CO2 content as a function of EAR. It shows that if the spark timing were to 

exceed beyond 50° CA aTDC, more ignition delay could be offered, given sufficient 

mixing time.  

 

Figure 2.123 (b) shows that with increase in CO2 content, the torque decrease between 0% 

and 50% CO2 was up to 25% on average for each EAR value. The maximum reduction was 

32% at an EAR of 1.8. Though, by extending the spark timing limits for the DOE study the 

EAR values can be optimized.  

 

  
 
Figure 2.124. Generating efficiency at 

MBT timing with different amounts of 

CO2 under various EAR [68]. 

Figure 2.125. BSNOx at MBT timing 

with different amounts of CO2 under 

various EAR [68]. 
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Figure 2.124 shows generating efficiency at MBT timing with different amounts of CO2 

under various EAR. Increase in CO2 content for biogas fuel caused performance 

degradation of the engine itself, but improved generating efficiency was attained in the lean 

operating region.  

 

Figure 2.125 shows the BSNOX various CO2 content as a function of EAR at MBT timing. 

The increased CO2 concentration can cause performance degradation, NOx emissions were 

decreased in the lean-burn region significantly. 

 
It was summarized that: 

 With increasing CO2 content form biogas decreased the flame speed, HRR, cylinder 

temperature, and cylinder pressure. The maximum values appeared for longer 

ignition delays at retarded crank angles.  

 Incomplete combustion phenomena was found at 50% CO2 content in the leaner 

region at excess air ratio values above 1.6.  

 The electrical generating efficiency by an average of 6.4% was improved by adding 

the CO2 addition up to 50% in volumetric content, with lower NOx formation. 

 

Subramanian et al [69], 2013, evaluated the fuel economy and mass emission of an SI 

engine fuelled with the methane enriched biogas (93% CH4) and base CNG (89.14%).  

 

  

 

Figure 2.126. Difference of CO 

emissions with time under urban 

driving cycle [69]. 

Figure 2.127. Difference of CO 

emissions with time under extra urban 

driving cycle [69]. 
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Figure 2.126 shows CO emission urban driving cycle (maximum speed: 50 km/h), CO 

emission is the maximum during engine warm-up period upto 87 s for both base CNG and 

the enriched biogas. It reduced significantly after 87 s even though the same cycle 

continued till 770 s. 

 

Figure 2.127 shows the CO emission for extra urban cycle started after 780 s is lesser with 

the CH4 enriched biogas than base CNG. Peak CO emission is about 162 ppm with base 

CNG where as it is less than 70 ppm with the enriched biogas. 

 

   

 

Figure 2.128. Relationship of CO 

emissions for enriched biogas and base 

CNG [69]. 

 

 

Figure 2.129. Relationship of CO2 

emissions for enriched biogas and base 

CNG [69]. 

 

Figure 2.128 shows that the average mass CO emission is slightly higher with the enriched 

biogas (0.52 g/km) than base CNG (0.45 g/km) but it is still under the limit of BS IV 

Emission Norms. 

 

Figure 2.129 shows that there is no major change in CO2 emission level for both fuels. The 

mass CO2 emission for the enriched biogas and base CNG is 113.72 g/km and 113.98 g/km 

respectively. 
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Figure 2.130. Difference of HC 
emissions with time under urban 
driving cycle [69]. 

 
Figure 2.131. Difference of HC 
emissions with time under extra urban 
driving cycle [69]. 

 

Figure 2.130 present HC emission concerning time under urban driving cycle. The HC 

emission follows same trend of CO emission. The peak HC emission is higher with the 

enriched biogas (524 ppm) than base CNG (401 ppm) due to poor oxidation of UHC during 

warm-up period. But, it reduced considerably after the period from 47 s to 781 s. 

 

Figure 2.131 present that the peak HC emission under extra urban driving cycle which is 

lesser than that of urban driving cycle. The results observed that peak CO and HC 

emissions are more at urban driving cycle than extra urban driving cycle and it exhibit 

scope of further development for meeting future emission norms such as BS-V/Euro-V. 

 

  

 

Figure 2.132 Difference of NOx 

emission for enriched biogas and base 

CNG [69]. 

 

Figure 2.133 Difference of Fuel 

Economy for enriched biogas and base 

CNG [69]. 

 



Literature Review 
 

 
 

100 
 

Figure 2.132 shows that the average mass NOx emission is higher with the enriched biogas 

as compared to base CNG but it meets to the BS IV Emission Norms. 

 

Figure 2.133 shows the difference of fuel economy for enriched biogas and base CNG. No 

major variation was observed in fuel economy between enriched biogas (24.11 km/kg) and 

base CNG (24.38 km/kg). 

 

It results summarized that: 

 The CO, HC and NOx emissions are marginally higher with the enriched biogas 

than base CNG. But, it meets to the BS IV Emission Norms.  

 There is no major change in fuel economy of the vehicle fuelled with the enriched 

biogas (24.11 km/kg) as compared to base CNG (24.38 km/kg).  

 The methane enriched biogas gives similar performance and emission like CNG. 

 The enriched biogas could be used as an auto fuel for SI vehicles. 

 

Porpatham et al [70], 2008, investigated the influence of concentration of CH4 in biogas 

fuelled SI engine. The level of CO2 was lowered by using lime water scrubber from 41% in 

biogas to 30% and 20%. The experimental tests were carried out at a constant speed of 

1500 rpm at CR of 13:1 in the equivalence ratios from rich to the lean operating limit.  

 

 
 

Figure 2.134. Brake power at full throttle and part throttle conditions [70]. 

 

Figure 2.134 indicates the difference of B.P output with equivalence ratio when the CO2 

content in biogas is reduced from about 41% to 30% and 20% at full and at part throttle 
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conditions. There is an improvement in the B.P output with a decrease in the CO2 content. 

As the CO2 content in biogas is reduced from 41% to 20% the power output at the best 

equivalence ratio is raised from 4.7 to 5.4 kW at full throttle condition. 

 

 
 

Figure 2.135. BTE at full throttle and at part throttle [70]. 
 

 
Figure 2.135 shows that there is a significant increase in the BTE with a decrease in the 

CO2 content. The peak BTE increases from 26.2% to 30.4% when the CO2 content goes 

down from 41% to 20% at an equivalence ratio of 0.91. At 25% throttle the peak BTE 

raises from 18.4% to 22.5% with the reduction of CO2 content at an equivalence ratio of 

0.95. 

 

 
 

Figure 2.136. HC emissions at full and at part throttle [70]. 
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Figure 2.136 indicates that HC rises due to incomplete combustion, at the lean mixture. As 

the CO2 content reduces, a pointed fall in HC emissions occur signifying complete 

combustion. The HC emission levels reach at a minimum with a lean mixture of 

equivalence ratio of about 0.95.  

 

 

Figure 2.137. Nitric oxide emissions at full and at part throttle [70]. 
 

 
Figure 2.137 shows the NOx concentration in the exhaust increases with a reduction in the 

CO2 level in the fuel. The emissions of NOx peaked with leaner than stoichiometric 

mixtures in every cases for both full and part throttle conditions. A reduction in the CO2 

content leads to raise CH4 and O2 concentrations, and thus faster combustion and high 

temperature raise NOx emission. 

 

 

 

Figure 2.138. CO emissions at full and at part throttle [70]. 
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Figure 2.138 indicates that the CO amount raise with reduction in the level of CO2 inducted 

at both throttle at high equivalence ratios.  

 

Figure 2.139. Spark timing at full and at part throttle [70]. 

 

Figure 2.139 indicates that the spark timing had to be retarded properly with the removal of 

CO2 with rich mixtures. The spark timing for best torque turn into retarded as the CO2 

fraction in the fuel is reduced due to the increase in the flame speed. In fact if the spark 

timing is not suitably retarded the engine knocks at when the CO2 content in biogas reduces 

to 20%. 

 

The results summarized that: 

 Reductions in the CO2 concentration in biogas lead to faster combustion, which are 

responsible for the improvement in the thermal efficiency and power. 

 Removal of CO2 in biogas improved CH4 content in the biogas significantly 

improved the performance and decreases emissions of HC with lean mixtures. 

 The NO concentration in the exhaust rises due to faster combustion and higher 

temperatures with a reduction in the CO2 level in the biogas fuel.  

 The CO level rises with reduction in the amount of CO2 inducted at full and part 

throttle at high equivalence ratios. 

 Retarding of ignition timings is required due to increase in the HRR with the 

reduction of CO2 level in biogas fuel. 
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Chandra et al. [71] investigated the performance results of a 5.9 kW stationary CI engine 

which was changed to SI engine mode and run on CNG, methane enriched biogas (Bio-

CNG) and biogas. The performance of the engine was evaluated at 30°, 35° and 40° 

ignition advance of TDC with a CR of 12.65. 

 

 

 

Figure 2.140. B.P produced by the engine on selected fuels [71]. 

 

Figure 2.140 presents the relation between brake load, % and B.P produced by the engine 

while working on CNG, Bio-CNG and raw biogas. The B.P produced by the engine was 

found rising with increase in brake load for the selected fuels at all 3 selected ignition 

advances. 
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Figure 2.141. Change of specific gas consumption rate of the engine on selected fuels 

[71]. 

Figure 2.141 presents the relation between brake load, % and BSGC (g/kWh) while 

operating on CNG, Bio-CNG and raw biogas, indicates that BSGC on raw biogas is 

comparatively very high in association to that of CNG and enriched biogas at all working 

brake loads of the engine. The BSGC rate of engine was found to be less for CH4 enriched 

biogas than raw biogas because CH4 enriched biogas has higher percentage of CH4 which 

enhances the heating. 

 

Figure 2.142. Change of BTE of the engine on selected fuels [71]. 
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Figure 2.142 shows the variations in BTE concerning to brake load, % when engine was 

run on CNG, CH4 enriched biogas and raw biogas. Highest BTE was achieved at ignition 

advance of 35° TDC. 

 

Table 2.5. Summary of the experimentation results [71]. 

 

 

 

The above Table 2.5 presents the optimum performance parameters obtained during 

experimentation under various test fuels and ignition advance. 

 

It was found that: 

 

 The maximum BTE and B.P produced by the engine was found at ignition advance 

of 35° TDC for CNG, Bio-CNG and biogas fuels.  

 The power deteriorations of the engine was observed to be 31.8%, 35.6% and 

46.3% on CNG, CH4 enriched biogas and raw biogas, respectively, compared to 

diesel as original fuel because of its change from CI to SI mode.  

 The CH4 enriched biogas showed almost similar engine performance as compared 

to CNG in terms of B.P output, specific gas consumption and thermal efficiency. 

 The BSGC rate of engine was found to be less for CH4 enriched biogas than raw 

biogas because CH4 enriched biogas has higher percentage of CH4 which improves 

the heating. 



Literature Review 
 

 
 

107 
 

Huang et al [17], 1998, assessed simulated biogas created from various mixtures of 

domestic natural gas and CO2 as fuel for a variable CR Ricardo single-cylinder spark 

ignition engine. The tests covered a range of CO2 fraction in the biogas from 0 to about 

40% by volume and A/F ratios from rich to the lean operating limit at 4 speeds and a 

number of CRs. The performance parameters (power, thermal efficiency and exhaust 

temperature) and the mole fraction of regulated emissions CO, NOx and HC in the exhaust 

gases were measured in the experimental tests. 

 

 

 

Figure 2.143.  B.P and BTE with CO2 content in mixture at 2000rpm and CR=13 

under rich and lean conditions [17]. 

 

Figure 2.143 presents the relationship between engine performance and fraction of CO2 in 

the biogas for relatively lean and rich mixtures at two RAFR, 0.98 and 1.05. The BTE was 

decreased with the increased of CO2. With the rise in CO2 in the natural gas mixture, the 

flame propagation rate is decreased, leading to longer combustion duration decreased the 

B.P produced by the engine. 
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Figure 2.144. Change of exhaust gas emissions with CO2 content in mixture at 2000 

rpm and CR=13 under rich and lean conditions [17]. 

 

Figure 2.144 shows the change of regulated exhaust emissions with CO2 content in the fuel. 

At both RAFR values, the NOx emissions decreased considerably as the fraction of CO2 in 

the fuel mixture raised because of the lower combustion temperature. Furthermore, the total 

UHC emissions raised as more CO2 was introduced relative to the natural gas.  
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Figure 2.145. Variation of bmep, bte and exhaust gas emissions comparison with 

RAFR with various fuel gas injection directions at 2500 rpm, CR=13 and CO2 fraction 

=37.5% [17]. 

 

Figure 2.145 indicates change of bmep, BTE and exhaust gas emissions comparison for a 

mixture containing 37.5% CO2 at 2500 rpm and at a CR of 13:1 with RAFR. The 

maximum BTE was found to be at the lean mixture side, with an RAFR of about 1.05. The 

BTE dropped for the mixtures richer to leaner due to incomplete combustion and slower 

burning rate. 

 

The NOx emissions achieve a peak value coincident with the position of BTE, the 

production of NOx reduced for lean mixtures because of inadequate O2 or lower 

combustion temperature. The total UHC emissions reaching a least value at an RAFR value 

just lean of that at which the NOx is maximum.  

 

It was found that: 

 The presence of CO2 in the biogas fuel lowered the NOx emissions and allowed the 

CR to be increased. 

 The main influence of CO2 in the biogas reduced cylinder pressures, engine power, 

and thermal efficiency while the level of UHC was raised.  

 With the decrease in CO2 in the biogas mixture, the flame propagation rate is 

increased, leading to shorter combustion duration increased the B.P produced by the 

engine. 
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 The results also suggested that increase in CR as an effective means of improving 

performance of biogas fuelled SI engine when CO2 was present.  

 The increase in CR with the CO2 content in the biogas raised the emissions of NOx, 

HC and CO and power and thermal efficiency was decreased for leaner mixtures 

when engine speed was increase through emissions were all decreased. 

 

Karagoz et al [72], 2018, studied the influence of the carbon dioxide ratio in biogas on the 

vibration and performance of an SI engine.  The tests were performed at constant speed of 

1500 rev/min with biogas containing 13% and 49% CO2 at 1.5–9 kW with 1.5 kW load 

increments.  

 

Figure 2.146. Effect of carbon dioxide content on BSFC [72]. 

 

Figure 2.146 indicates the effect of the carbon dioxide content on the BSFC versus engine 

load. The BSFC varied inversely proportional to the engine load in the biogas with both 

carbon dioxide ratios. The 49% CO2 biogas having low flame speed, heating value, and 

burning ratio, hence its combustion was low as well. Therefore, the BSFC of the 49% CO2 

biogas was more at entirely load conditions compared to the 13% CO2 biogas.  

 

It was found that: 

 By reducing the CO2 ratio and raising the engine load, cylinder pressure increased 

and BSFC reduced for biogas fuelled SI engine. Increased in load and CO2 ratio 

increased the engine vibration amplitude at all 3 axes. 
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2.7.1 Outcomes from literature survey of effects of methane content in Biogas on 

performance of the engine. 

 The engine performance degrades and BSFC of the engine increases with raising 

the CO2 dilution in biogas. Reductions in the CO2 content in biogas lead to faster 

combustion, which are responsible for the improvement in the thermal efficiency 

and power for biogas fuelled SI engine[17,68,69,70,71,72]. 

 

 Removal of CO2 in biogas enhanced CH4 content in the biogas significantly 

improved the performance and lower HC emissions with lean mixtures[17,70]. 

 
 The NO content in the exhaust rises due to faster combustion and higher 

temperatures with a reduction in the CO2 level in the biogas fuel [17,70]. 

 
 The presence of carbon dioxide in the biogas fuel lowered the NOx emissions and 

enables the CR to be increased. The CO level raises with reduction in the amount of 

CO2 inducted at full and part throttle at high equivalence ratios [17,70]. 

 
 Advancing of ignition timings is required due to decrease in the HRR with the 

increase of CO2 level in biogas fuel.[70,71] The maximum BTE and B.P developed 

by the engine was found at ignition advance of 35° TDC for biogas fuelled SI 

engine[71]. 

 

 With increasing CO2 content form biogas decreased the flame speed, HRR, cylinder 

temperature, and cylinder pressure. The maximum values appeared for longer 

ignition delays at retarded crank angles [69,70]. 

 

 The CH4 enriched biogas showed almost similar engine performance as compared 

to CNG in terms of B.P output, specific gas consumption and thermal 

efficiency[71]. 
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2.8 Conclusions derived from the literature survey and scope of work for the 

development of biogas engine technology. 

 

In lieu of development of a dedicated biogas engine technology, lot of research papers from 

peer reviewed journals were studied which clearly reveals the scope of work for the 

development of biogas engine technology. It has been observed in the literatures that de-

ration of the biogas fuelled SI engine is about to 40-50 % as compared to gasoline due to 

low density, low flame speed and absence of fuel evaporation. High knocking stability of 

biogas allows higher compression ratios. Further, the parameters like ignition voltage, 

ignition timing, and stroke to bore ratios affect the performance of the existing biogas 

engines and hence optimization of these parameters may lead towards the development of a 

dedicated Biogas engine technology. Looking to the above fact, extensive literature review 

was carried out and the critical study reveals the following facts. 

 

 Biogas is eco-friendly, renewable and clean burning fuel which can be used as 

alternate fuel for automotive applications [17,68,69,70,71,72]. 

 Reductions in the CO2 concentration in biogas lead to faster combustion, which are 

responsible for the increase in the thermal efficiency, power and BSFC for biogas 

fuelled SI engine [17,68,69,70,71,72]. 

 Biogas has high knocking stability due to higher octane rating of 130 which allows 

for an increase in compression ratio (CR). Increasing CR enhances the brake power 

output, brake thermal efficiency and improved BSFC [15,16,17, 20,22,23,24]. 

 Biogas has lower laminar flame velocity of 25 cm/s [14,17,18, 23,47,69], resulting 

into slow and prolonged combustion period thereby affecting the performance of 

the engine. Increasing CR and high ignition energy increases the burning rate and 

solves the problem of low burning velocity [22,23,24,31,37]. 

 The NOx and CO emissions in general decrease while HC emission increases with 

increase in CR [16,17,22,30,31,32]. Removal of CO2 in biogas increases methane 

content in the biogas significantly with an improvement in performance and thereby 

decreasing HC emissions for lean mixtures.[17,70] 

 Shape of the Piston crown geometry plays a vital role in improving the turbulence 

levels thereby improving the performance and reducing the emission characteristics 

of the engine [34,35,36,37,40,43].  
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 Proper selection of piston with larger crevices on its crown increases the turbulence 

levels and combustion which in turn improves the engine performances and also 

decreases engine tail pipe emission for a spark ignition engine 

[34,35,37,40,41,42,43]. 

 Biogas is having lower laminar flame velocity [14,17,18, 23,47,69],  its combustion 

period is delayed which requires high break down voltage, high ignition energy and 

hence requires higher spark advance[31,46,47,51,54,55,70,71]. By advancing the 

ignition timing the BTE and B.P produced by the biogas fuelled SI engine is found 

maximum. [46, 47,71] 

 The optimal performance parameters (BP, BTE, BSFC and MBT) are obtained for 

the advancing the ignition timing for biogas fuelled engine. [46,47,71] 

 The higher S/B ratio leads to a small surface/volume ratio around TDC, decreasing 

the flame contact area with cylinder wall and the related heat transfer loss. Hence, 

due to the faster burning and lower heat loss during combustion improves 

combustion efficiency and indicated thermal efficiency for higher S/B ratio. 

[57,58,61,62,64,66,67] 

 NOx emissions increased due to rapidly mixing and combustion for larger S/B ratio 

engines [58,64,67]. The CO and HC emissions are favorable for the higher S/B ratio 

engines [61,64]. 

 The lower S/B ratio allows wider bowls that enhance combustion process at high 

speed and load. Hence, emission levels in general, tend to decrease at lower L/D 

ratios [58,64,67]. 

 Biogas is having lower laminar flame velocity of 25 cm/s [14,17,18, 23,47,69], so 

combustion is slow and combustion period is long which affects the performance of 

the engine. A fine tuning of S/B ratio has the potential to improve the burning rates, 

heat transfer, mixing time, resulting in an overall increase in engine efficiency 

[54,57,58,60,67]. 

 

Thus, in a nutshell, literature survey found the research gap and clearly reveals the scope of 

work for the development of a dedicated biogas engine technology to compete with 

gasoline engines running under the same conditions and configurations. 
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2.9 Objectives and scope of present research work 

 

It has been observed in the literature survey that Biogas engines are a retrofit technology 

( petrol/ diesel converts) and usually deliver 45-50 % drop in performance compared to 

gasoline/diesel engine owing to the gas properties and the cost of these engines are 

extremely high as most of the biogas engines are SI/CI engine converts. The factors include 

low density, low volumetric efficiency, low flame speed and absence of fuel evaporation. 

Biogas engines require compact and turbulent combustion chamber for effective 

combustion of the charge inside the cylinder. Biogas is having high knocking stability due 

to higher octane rating of 130, which allows higher compression ratio.  

 

Further, the parameters like ignition voltage, ignition timing, and stroke to bore ratios 

affect the performance of the existing biogas system and hence optimization of these 

parameters may lead towards the development of a dedicated Biogas engine technology. In 

order to solve the above problems, various strategies are explored in the current research 

work to enhance the performance of a small biogas fuelled SI engine of 100cc category. 

 

Thus, based on the conclusions derived from the literature, and in order to develop the 

dedicated biogas engine technology the objectives of present work are set as follows: 

 

 To compare the performance in as it is condition of the engine on gasoline, raw 

biogas and scrubbed biogas fuel. 

 To evaluate the performance of Biogas engine at various compression ratio (CR). 

 To determine the significance of the piston crown geometry desired to create the 

turbulence inside the combustion chamber through experimental approach. 

 To evaluate the performance of Biogas engine with higher ignition voltage. 

 To evaluate the performance of Biogas engine at various stroke to bore (S/B) ratios. 

 To study the effects of methane content in Biogas on performance of the engine. 

 To evaluate and compare the performance of SI engine at all the above conditions 

with gasoline, scrubbed biogas and biogas as a fuel. 
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CHAPTER – 3 
 
 

EXPERIMENTAL SETUP AND 

INVESTIGATIONS  

 
3.1  Introduction   

 

The research work aims to develop a dedicated biogas fuelled small SI engine technology 

for mobile and stationary application in the range of 80-125 cc category which can offer 

same or better power output with reduced specific fuel consumption and emissions as 

compared to any gasoline engine. Generally such small SI engine when coupled with 

alternator having low power capacity less than 1 kWe are suitable in remote rural 

electrification which are still not connected to the grid line or have limited access. In order 

to develop a biogas engine technology, extensive experimental investigations have been 

carried out in successive stages to arrive at an optimal configuration.  

 

The experimental work presents the performance results of a small 98cc, single-cylinder, 

four stroke cycle gasoline engine which is optimized to run on scrubbed biogas (CH4- 

93.8%) and raw biogas (CH4-56.6%) with successive modifications to the engine and its 

components. The work is carried out in stages to develop a dedicated biogas engine 

technology. The various aspects like piston crown geometry, compression ratio (CR), 

stroke-to-bore (S/B) ratio, influence of CO2 in the biogas and high ignition voltage of 2 kV 

is investigated in this research work to evaluate the performances using biogas as fuel and 

comparing the same with gasoline is also made with the results obtained during 

experimental tests. The road map was built according to the following set of requirements. 
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1.  Selection of engine and alternator that could match the experimental requirements. 

2.  Selection of Pistons having different crown geometries that could fit in a single 

bore of the selected engine. 

3. Selection of a Biogas mixer, vaporizer and pressure regulator for testing with 

Biogas as fuel. 

4. Selection of Gas Analyzer for precise measurement of exhaust emissions. 

5.  Development of the engine test rig for performance evaluation. 

6.  Engine modifications to evaluate the performance at different L/D ratios. 

7. Modification of the ignition system to offer higher ignition voltage to study the 

influence of ignition voltage. 

8.  Modification of the cylinder block to achieve augmented compression ratio. 

The subsequent sections of this chapter give details of this road map. 

 

3.2  Selected Engine and Alternator specifications 
 
 
In order to develop the dedicated Biogas engine technology, a market survey was carried 

out to trace a standard engine and alternator which can meet the experimental performance 

requirements. Accordingly, the engine and alternator having the following specifications as 

given in Table 3.1-3.2 and Plate 3.1-3.2 show the photographic view of the selected engine 

and alternator. The selected electrical type 3kVA single phase alternator was directly 

coupled with engine crank shaft at engine magnet side. 

  Table 3.1. Selected engine specification 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Type 
Four stroke, air cooled, single 

cylinder SI engine 

Make Honda CD 100 

Fuel Petrol/Biogas 

Number of cylinders One 
Bore 50 mm 
Stroke 49.5 mm 
Compression ratio 8.8:1 
Connecting rod length 90 mm 
Rated power 5.5 KW@8000 rpm 
Maximum Torque 7.95Nm @5000 rpm 
Displacement volume 97.30cc 
Idle speed 1400 ± 100 
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                    Table 3.2. Alternator specification 
 
 

 

 

 

 

 

 

 

 

 

 

Plate 3.1. Selected Test engine 

 

Type Single phase 3 kVA, 3000 rpm 
Frequency 50 Hz 

Max AC Output 3 kVA 
Rated AC Output 2.7 kVA 
Power Factor 1 
Insulation F 
Phase Single 
Rated Voltage 230 V AC 
Max AC Output 3 kVA 



Experimental Setup and Investigations 
 

 
 

118 
 

 

 

Plate 3.2. Selected 3kva Alternator 

 

 

3.3 Selection of Pistons 

 
The selection of pistons having different crown geometries that could fit in a single bore of 

the selected engine was identified for the experimentation. The main objectives of the 

experimental investigations was to identify piston crown geometry that could generate a high 

turbulence inside the combustion chamber in order to improve combustion and performance of 

Biogas fuelled engine [34,35,37,40,41,42,43]. In order to meet these requirements three 

pistons were identified based on the following criterion: 

 

 The basic structure of the combustion chamber is not affected and they fit in the 

same bore diameter. 

 No changes are required to be made with the connecting rod assembly. 

 The gudgeon pins fit easily in the small end of the crankshaft. 

 Above all, all the crown geometries should not remain the same. 
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The pistons selected based on the above criterions for testing purpose are named as Piston 

A, Base Piston C and Piston T and are shown in Plate 3.3. 

 

Following is the significance behind identifying these three pistons for testing purpose:  

 

 Piston A and Piston T have large amount of cleavage on the piston crown; hence it 

is assumed to be capable of generating a large amount of turbulence in the 

combustion chamber.  

 

 Higher cleavage on the crown of Piston A and Piston T results into a lower 

compression ratio of 6.6 and 6.2 respectively for the engine. This will allow 

increasing the compression ratio and studying the subsequent effects on the engine 

performance. 

 
 Base Piston C is the original flat base piston of the selected engine which has a 

compression ratio of 8.8.  

 
 Thus, these three Pistons A, C and T allowed to study the simultaneous effects of 

compression ratio and piston crown geometry to obtain an optimal configuration.  
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(a) 
 

 
      
 (b)  
 

 
       
    ( c ) 

 

Plate 3.3. (a) Photograph of Piston A (b) Photograph of Piston C  

( c ) Photograph of Piston T 
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3.4 Scrubbed Biogas and Raw Biogas Setup 

 

The supply of Raw Biogas and Scrubbed Biogas to the engine includes: 

 The raw biogas from the biogas plant is initially passed through water absorbing 

column (plate 3.6-a) and then it is stored in buffer storage tank at 10 bars (refer 

Plate 3.6-b). 

 Biogas is discharged through a valve to a first stage regulator where there is a 

further pressure drop to 0.5 bars. A diaphragm type gas flow meter (refer Plate 

3.12) is connected in path to measure the volume of  Biogas flow rate which was 

converted to mass basis by multiplying its actual density calculated using the 

measured composition, pressure and temperature. The detail specification of gas 

flow meter is shown in Table 3.5. 

 

 The low pressure natural gas regulator vaporizer convertor (refer Plate 3.11) is 

used, which has the settings for maximum fuel control and idle speed settings. Its 

detailed specification is shown in Table 3.4. 

 
 The vaporizer is connected to the mixer (refer Plate 3.9) which is exposed to the air-

filter side and rear end is connected to the carburetor. The rear end of the carburetor 

is connected to the intake manifold of the engine. The pressure of gas is maintained 

constant with low pressure regulator.   

 
 During performance test under scrubbed biogas, the raw biogas is initially passed 

through the scrubbing unit for CO2, H2S and moisture removal (refer Plate 3.7). The 

methane enriched scrubbed biogas is then stored in scrubbed biogas storage balloon 

(refer Plate 3.8) and then in buffer storage tank (refer Plate 3.6-b).   

 
 From the buffer storage tank the scrubbed biogas is discharged through a valve to a 

first stage regulator where there is a further pressure drop up to 0.5 bar and gas 

enters the vaporizer through gas flow meter and than in to the mixer. Finally, it 

enters in to the engine through intake manifold.  
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 Biogas composition for CH4, CO2, H2S and O2 were measured by using four gas 

analyzer and the composition was also compared using gas chromatograph. The 

actual composition of biogas was estimated regularly to take of changes. The details 

of four gas analyzer is given in Table 3.3 and Plate 3.10 shows the photographic 

view of the biogas analyzer. 

 

 The stoichiometric air fuel ratio was calculated from known concentration of 

methane and CO2. Equivalence ratio was determined from measured air and fuel 

flow ratio. The air flow is measured by digital portable anemometer which provides 

fast, accurate readings of air flow in m/s, km/h, ft/min, knots. The detail of the 

anemometer is given in Table 3.3. 

 

 

  

Plate 3.4. Biogas plant [101]. 
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Plate 3.5. Biogas feed stock unit [101]. 

 

 

 

Plate 3.6. (a) Biogas water absorbing column (b) Biogas buffer storage tank 

[101]. 
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Plate 3.7.  Biogas scrubbing unit [101]. 
 

 

 

Plate 3.8. Scrubbed Biogas Storage Balloon [101]. 
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Plate 3.9. Gas mixer 

 

Table 3.3. Details of measuring instruments. 

Measuring instruments Make  Range/Accuracy 
 

Diaphragm type gas flow 
meter 

M/s George Wilson Ind. 
U.K./ Reychem Pvt.Ltd. 

0.016-22.5 m3/h  

Digital anemometer (air flow 
meter) 

AM-4202 0.4-30 m/s, 0.8-58.3 knots 

Digital Multimeter Fluke 107 A.C voltage (+1.5%+3 digit) 
A.C Current(+1.0%+3 digit) 

Photo type digital 
Tachometer 

DT2234-C 2.5 to 99,999rpm  
+(0.05%+1 digit) 

Gas analyzer (CH4,CO2, 
H2S,O2) 

Pluto flame proof 
control. Mumbai, India  
Flame proof FLP/WP 
Junction box (Exd, IP-
65, Group IIA, IIB, 
PFS/SS/10.) 

0-100%, 0-2% of reading 

Low Pressure Regulator 
Vaporizer Converter for  
Natural gas/ LPG / Propane 
perfect for small engine 
applications. 

Impco Garretson Mdl 
Kn 
Part No: 039-122 

Max inlet pressure 13.84" 
WC.  
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Plate 3.10.  Four Biogas analyzer ( Pluto flame proof control. Mumbai, India). 

 
 

Table 3.4. Uncertainty values. 
 

Parameter Uncertainty 
value(%) 

Speed +3% 
Voltage  +1.5% 
Current +1.0% 
Brake power +1.5% 
Brake thermal efficiency +2% 

 
 
3.5 Gas vaporizer  
 
The low pressure natural gas regulator vaporizer convertor (refer Plate 3.11) has been used, 

which has the settings for maximum fuel control settings and idle settings. This regulator is 

suitable for use with low pressure natural gas and vapor fuels with simple and trouble free 

operation. The detail specifications of the vaporizer are given in Table 3.5 and Plate 3.9 

show the photographic view of the vaporizer. 
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Plate 3.11. Gas vaporizer ( Garretoson Impco Technologies) 

 

Table 3.5. Specification of Gas vaporizer 

 

Low Pressure Regulator Vaporizer 
Converter for  Natural gas/ 
Lpg/Propane 

Impco Garretson Mdl Kn 
Part No: 039-122 

Maximum   

Nominal Outlet Pressure   

Initial Flow Pressure   

1-0.12 kPa (-0.5” or below w.c.)  

3.84” w.c. (3.44 kPa) 

-0.05 to -0.35 w.c. 

Horsepower Rating  Up to 19kW for natural gas 

Operating Temperature Range -40°F to +250°F (-40°C to +121°C) 

Mounting Position As close to the carburetor as possible with 

minimize the effects of gravity on diaphragm 

travel 

 
 
3.6 Diaphragm type gas flow meter 
 
A diaphragm type gas flow meter (refer Plate 3.12) is used to measure the volume of  

Biogas flow rate which was converted to mass basis by multiplying its actual density 

calculated using the measured composition, pressure and temperature. The detail 

specification of gas flow meter is shown in Table 3.6. 
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Plate 3.12. Diaphragm type gas flow meter ( M/s George Wilson Ind. U.K.) 

 

 

Table 3.6. Specification of Diaphragm type gas flow meter 

 

Diaphragm type gas flow 

meter 

Reychem RPG/M/s George 

Wilson Ind. U.K 

Model type  G1.6 Diaphragm 

Casework  Steel / Aluminium 

P.max : 0.5bar 

Max flow :  

Min Flow :  

2.50m3 / hr 

0.016m3 / hr 

Operating temperature :  -200C + 600C 

Max index reading :  99999.999m3 

Connections :   3/4" BSP / NPT / BS746 
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3.7 Digital multimeter 
 
A digital multimeter was used for measurement of voltage and current. It can measure both 

voltage as well as current generated during the operation. It was connected to a load bank 

for voltage, current and frequency  measurement purpose. The details of digital multimeter 

are given in Table 3.3 and Plate 3.13 shows the photographic view of the digital 

multimeter. 

  

 

 

Plate 3.13. Digital multimeter 

 

 

 

Plate 3.14.  Photo type digital Tachometer 
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3.8 Photo type digital Tachometer 
 
A non contact laser tachometer was used to measure the engine speed. The digital 

tachometer uses infrared light to measure the speed of rotation of the engine shaft. The 

number of frequency changes per unit time gives the speed of rotation of the engine shaft. 

The details of digital tachometer are given in Table 3.3 and Plate 3.14 shows the 

photographic view of the digital tachometer. 

 

3.9 Load Bank  

An electrical resistive load bank (refer Plate 3.15) consisting of bulbs of different watt 

were placed in series and used for load measurement. The resistive load bank was used for 

electrical loading on the engine crank shaft. Load measurement were carried out by giving 

resistive loads using bulbs of 50 watts, 100 watts, 200 watts and 500 watts incremental up 

to 3 kW.  

 

 

 

Plate 3.15.  Electrical resistance load bank 
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3.10 Exhaust Gas Analyzer 

 

 
EPM1601 i3sys based exhaust gas analyzer was selected for measurement of emissions 

characteristics of dedicated Biogas engine. In order to measure the tail pipe emission 

precisely the exhaust gas analyzer was selected after a detailed market survey. The selected 

gas analyzer measures CO, HCs, CO2, NOx and O2 from the vehicle exhaust. It measures 

CO, HCs and CO2 based on Non-Dispersive Infra Red principle and O2 and NOx are 

measured by Electro Chemical principle. 

 
Plate 3.16 shows the selected EPM1601exhaust gas analyzer for measurement of emissions 

while Table 3.7 gives the technical details for the same. 

 

 

 

Plate 3.16.  Gas analyzer setup for engine emissions measurement 
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 Table 3.7. Technical Specifications of Exhaust Gas Analyzer 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.11 Experimental Setup 

 

The experiments were conducted on a test setup with electrical type 3kVA single phase 

alternator which was directly coupled with engine crank shaft at engine magnet side. The 

complete schematic layout of experimental setup is shown in Figure 3.1 

 

The details of experimental setup is described below: 

 

1) The engine was mounted on fabricated platform on bed made of ‘L’ angles of 3 

mm thickness having a width of 2”. It is firmly fitted with 10 mm bolts and nuts 

(refer Plate 3.18). 

Measurement 
Parameter  

Principle of 
Measurement  

Range  Resolution  Accuracy  

CO  NDIR  0 – 15%  0.001%  ±3%  
HC  NDIR  0 – 20000ppm  1ppm  ±5%  
CO2  NDIR  0 – 20%  0.01%  ±3%  
O2  Electrochemical  0 – 25%  0.01%  ±3%  
NOx Electrochemical  0 – 5000ppm  1ppm  ±3%  
RPM  Battery Based  400 – 9990  10  ±2%  
OT  RTD  0 - 150°C  1°C  ±3%  
Operating Temperature  0 - 50°C  
Measuring Gas Intake  1 ltr/min  
Response Time  <5 sec (for sampling 

probe length of 3m)  
Warm-up Time (≥25°C)  2 min  
Zero/Gas Span Calibration  Automatic/Manual  
Span Calibration  Digital  
Leak Test  Electronic  
Power Supply  12VDC ±2V  

230VAC ±10%, Single 
Phase, 50-60 Hz  

Power  25W  
Dimension and weight  300 x 265 x 120mm, 5kg 
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2) The selected 98cc, single-cylinder, four stroke cycle gasoline SI engine which was 

retrofit to run on scrubbed biogas and raw biogas with successive modifications 

(refer Plate 3.1). 

3) A single phase 3kVA electrical type alternator was coupled with engine crank shaft 

by flexible flange coupling at engine magnet side (refer Plate 3.20). 

4) The test rig also includes digital anemometer for air flow measurement, air mixture 

and gas vaporizer circuit were installed before fuel supply system and pressure of 

gas got maintained with low pressure regulator (refer Plate 3.19). 

5)  In case of testing on Biogas fuel, the flexible hose is connected to the mixer, which 

is turn is connected to the carburetor of the engine (refer Plate 3.19). 

6) Throttling cable is mounted on an angle fixed to the base frame for fine adjustments 

of the engine speeds (refer Plate 3.19). 

7) The silencer of the exhaust was fitted to the main chassis by a nut and bolt 

arrangement to avoid vibrations during testing. 

8) The emissions measurement at different loading conditions is done by inserting the 

probe of the Gas Analyzer inside the exhaust tail pipe. The detail gas analyzer setup 

is shown in Plate 3.16. 

9) To avoid the engine from overheating during the load tests, air cooling is provided 

by using a table fans (refer Plate 3.19). 

10) Electrical resistance load bank was used for electrical loading on engine crank shaft 

which consists of bulbs of different watt placed in series and used for load 

measurement. The loading capacity of load bank will be 0–5.0 kW (refer Plate 

3.15). 

11) A digital tachometer was used for speed measurement (refer Plate 3.13) and digital 

multi-meter was used for measurement of voltage and current. It can measure both 

voltage as well as current generated during the operation. It was connected to load 

bank for measurement purpose (refer Plate 3.14).  

12) The selected biogas fuel was provided by Akshar Biotech Pvt. Ltd. Surat, India. 

The biogas was produced from food waste, agricultural residue, by-products of 

horticulture, fruits and vegetables, energy crops such as maize, organic municipal 

waste of vegetable, waste of garden and parks, sewage sludge, and more (refer 

Plate 3.5) 
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13) In the present setup, the gas consumption for biogas was measured by diaphragm 

type gas flow meter (refer Plate 3.12). 

 

 

 

Figure 3.1. Schematic layout of experimental setup. 
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Plate 3.17. Complete test rig setup with gas analyzer  

 

Plate 3.18 Fabricated platform for engine mounting 
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Plate 3.19 Experimental setup test rig 

 

Plate 3.20 Alternator coupled with engine crank shaft 
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During experimental investigation the uncertainty analysis was governed and due care has 

been taken for the measurement of power, fuel flow, speed and emissions [91]. The 

uncertainty levels are within ± 5 % and given in Appendix-A in Table 3.4. 

In order to develop the dedicated Biogas engine technology, few additions and 

modifications have been made in the engine in order to achieve variations in engine 

compression ratio, S/B ratio and ignition voltage.  

 

These modifications include: 

 Machining the engine block to maintain the compression ratio for lower stroke to 

bore ratio systems (refer Plate 3.21-3.22). 

 Modifying the ignition coil for generating higher ignition voltage (refer Plate 3.26). 

 Adding spacers to maintain the compression ratio for larger stroke to bore ratios. 

 Crankshaft modification includes modification of crank web and fabrication of 

crank pin to test at different stroke to bore ratio (refer Plate 3.23). 

 

The details of these changes are given at appropriate places in related sections. 

 
 

Plate 3.21. Engine block with Pistons 
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Plate 3.22.   Engine block before and after machining. 

 

 

 

Plate 3.23. Modified crank web for the S/B=0.9 and S/B=1.1 
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3.12 Changing stroke to bore (S/B) ratios 

 

In order to develop the Biogas engine technology and study the effects of S/B ratios on the 

performance of the engine 3 crankshafts were modified to achieve S/B ratio variations of 

0.9, 1, 1.1. The engine being a square engine ( S/B = 1.0 ), having a bore of 50 mm and 

stroke length 50 mm, the original crank pin was removed and the fabricated heat treated 

crankpin was fitted to the crank web.  

 

Literature survey reveals that Biogas has a low laminar flame velocity of 25 cm/s 

[14,17,18, 23,47,69], resulting into slow combustion and prolonged combustion period 

thereby affecting the performance of the engine. A fine tuning of S/B ratio has the potential 

to improve burning rates, heat transfer, mixing time, resulting in an overall improvement in 

engine efficiency [54,57,58,60,67]. In the literature survey Iyer et. al. [54] has varied the 

S/B ratios of 0.9, 1.0 and 1.1 by changing the size of the crank pin which is a simpler 

approach and the same approach is used here during experimentation. 

 

The stroke length was found from the crank radius using the following formula:  

L = Rcr x 2                      (3.1) 

Where,  L = stroke length in mm, and Rcr = Crank radius in mm. 

The configuration of S/B ratio is given in Table 3.8. 

 

Table 3.8. Configurations at different stroke-to-bore (S/B) ratio. 

S/B 

ratio 

Rcr 

(mm) 

L 

(mm) 

Engine ock machining/ 

adding spacers (mm) 

Reason to the changes  

0.9 22.5  45 5 Increase in clearance 

volume, hence resulting into 

a lower compression ratio 

1.0 25.0 50 0 No changes 

1.1 27.5 55 5 Addition of spacers to 

prevent the piston strike with 

the cylinder head. 
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Plate 3.24. Modified crank shaft for S/B=0.9 

 

 

 

Plate 3.25. Modified crank shaft for S/B=1.1 
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3.13 Ignition Voltage Enhancement 
 
 
Biogas having lower laminar flame propagation velocity [14, 18, 47, 52], hence requires 

proper mixing of air and fuel as well for the flame to propagate to the end charge. Its 

combustion period is delayed which requires high break down voltage, high ignition 

energy and advance timing [31,46,47,51,54,55,70,71]. In order to enhance the combustion 

and flame propagation velocity, higher ignition voltage is required. Higher ignition voltage 

accelerates the flame propagation, which improve combustion, engine performance and 

reduce engine emissions. 

 

 

 

Plate 3.26. Basic and modified arrangement of ignition coil 
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The basic and modified arrangement of the ignition coil is shown in Plate 3.26. To obtain a 

higher ignition voltage, the ignition coil has to be re-wound with multiple turns to get a 

better output. An additional 2 kV supply is generated to provide a high spark. The 

difference in conventional spark and enhanced spark can be immediately observed during 

the change over between two ignitions as the change in engine speed is found and the 

idling rpm from 900 ( ±50 ) increases to 1050 ( ±50 ) rpm. 

 

 

3.14 Experimentation Stages 

 

The stages of experimentation are as follow: 

 Testing the engine on all the three identified Pistons A, T and the base version 

Piston C for assessment of performance and emissions with a original square 

engine ( S/B = 1 ).  

 

 To study the influence of compression ratio for Piston A and Piston T which has a 

better cleavage and hence better turbulence and squish characteristics. 

 

 Testing the modified engine with Piston T at S/B= 0.9, 1.0 and 1.1.  

 

 Testing the modified engine with Piston T at higher ignition voltage at L/D = 0.9. 

 

 To study the effects of methane concentration in Biogas on performance of the 

engine. 

 

 To evaluate and compare the performance of engine at all the above conditions 

with gasoline, scrubbed biogas and biogas as a fuel. 
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3.15 Experimentation test type and procedure 

 

The experimentation was carried out for loading the engine at constant speed to achieve 

reliable and consistent performance results for gasoline, scrubbed biogas and raw biogas as 

fuel. The constant speed of 3000 ( ±100 ) rpm was used for all stages of experiments due to 

the following reasons: 

 

 In order to study effects of piston crown geometry which is responsible to produce 

different amounts of turbulence, it become difficult to predict performance at the 

variable speed load test because magnitude of turbulence level is depends on speed 

[55,92,93,94,95]. 

 

 The evaluation of true thermal performance of the engine does not permit at 

variable speed because the mechanical efficiency of engine depends on the engine 

speed [55,92,93,94,95,96].  

 

 The most economical speed for two wheelers as specified by the manufacturer lies 

in the vehicle speed range of 40-60 km/h. The crankshaft speed to achieve this best 

mileage condition lies in the speed range of 2500-3500 rpm. 

 

 The engine of two wheeler is usually an air-cooled engine and needs adequate air 

cooling. On roads, due to vehicle motion, sufficient air cooling from all sides is 

possible. However, in laboratory tests, inspite of providing external cooling by 

fans, the problem of piston seizure due to engine overheating at high speed and 

load condition results into inconsistent tests. 
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Hence, looking to the above facts, it was decided to conduct constant speed load test at 

3000 rpm. 

 

The details of this procedure is given below: 

 

 The engine was run at a standard constant speed of 3000 ( ±100 ) rpm and it was 

subsequently loaded gradually. The engine was throttled to maintain the standard 

constant speed against the drop in speed due to loading.  

 

 Before starting of engine on gasoline, scrubbed biogas or raw biogas mode, the 

cooling fan was started in order to cool the engine during performance test. 

 

 The idling speed adjustment in the engine speed range of 1050 ( ±100 ) rpm was 

carried out before starting any set of experiments with all fuel. 

 

 The throttling of air during testing on biogas fuel was achieved by providing foam 

piece at the inlet of the air filter. Different size of foams were tried initially to get 

the best configuration which can offer reliable engine operation from idling speed 

to maximum speed. 

 

 The engine speed was raised to 3000 rpm by carburetor accelerator cable 

adjustment, after adjustment of idling speed and engine was allowed to reach to its 

steady state condition by running it for 15 minutes before commencing the load 

tests. 

 

 The loading was gradually applied and speed, load and fuel consumption engine 

speed was measured by maintaining the constant engine speed by accelerator cable 

adjustment. 

 
 The gasoline consumption was measured by using standard volumetric burette 

while consumption of biogas was measured by using diaphragm type gas flow 

meter. 
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 About 4 to 5 sets of measurements in each loading condition were carried out and 

the consistent results are reported at each loading condition is given in Appendix –

A. 

 

 The time duration for each set of experiment during testing was 3-4 hours for 

gasoline and 4-5 hours for biogas fuel. 

 

 The engine performance parameters like brake power (BP), brake thermal 

efficiency (ƞ) , Brake specific fuel consumption (BSFC) and Brake specific energy 

consumption (BSEC) are calculated using following formulas [97],  

 

 

   
V ×  I

B P =
1 0 0 0

                       (1) 

 
 
      

        
f

BP×3600
η 100

CV×M
                    (2) 

 
 
 
              fB S FC =  M  / B P                              (3) 
 
 
 
            BSEC = BSFC  CV                       (4) 
 
 
 

 

 The parallel readings for the exhaust gas engine emissions were measured from the 

gas analyzer for each set of individual readings.  
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 The emissions were measured when the gas analyzer showed stable readings. Only 

peak values are noted on all conditions to obtain the extremities.  

 

 The final results of all performance trials are tabulated and given in Appendix – A 

along with uncertainties in measurements. 
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CHAPTER – 4 

 
 

 
EXPERIMENTAL RESULTS AND 

DISCUSSIONS 
 

 

4.1  Introduction   

 

In order to achieve the objectives, the experimentation was carried out in successive stages 

by testing the engine under gasoline, scrubbed biogas and raw biogas. The main focus of 

the entire experimental investigations was to study the effects of piston crown geometry, 

compression ratio, ignition voltage, stroke to bore (S/B) ratio and effects of methane 

concentration in Biogas on performance and emission characteristics of Biogas fuelled SI 

engine and to arrive at an optimal configuration which can be proposed as a dedicated 

Biogas engine technology.  

 

4.2 Experimental results  

 

The experimentation was carried out at constant speed load test to achieve reliable and 

consistent performance data for gasoline, scrubbed biogas and raw biogas as fuel. The 

engine was run at a standard 3000 (±100) rpm and was subsequently resistively loaded 

gradually. The engine speed was maintained constant ( + 100 rpm) by throttling the engine 

against the drop in speed due to the loading. Initially, the idling speed adjustment in the 

engine speed range of 1050 rpm to 1150 rpm was carried out before starting any set of 

experiments. Engine was allowed to warm up for 15 minutes before conducting the 

experimentation. To ensure the repeatability in results, the engine was tested at same 

loading conditions and the results were noted down. Only peak values are noted on all 
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conditions to obtain the exact final results. Any discrepancy in the results resulted into the 

repetition of the experiment from the first stage itself.  

 

The emissions from the engine were measured from the gas analyzer for each set of 

individual readings. The actual composition of biogas was noted regularly to take care of 

any changes in gas. The volume flow rate was measured by diaphragm type gas flow meter 

and which was converted to mass basis by multiplying its actual density calculated using 

the measured composition, pressure and temperature. The experimental final results of all 

performance trials along with uncertainties in measurements are tabulated and given in 

Appendix –A. The graphical results of the experiments are shown in Figure 4.1 to Figure 

4.91 which are discussed in subsequent sections as per stages of experiments. 

 

The abbreviations used in the figures of the thesis are given below: 

 

Activa piston CR 6.6  :   Piston A- S/B 1.0 

Base CD 100 piston CR 8.8 :  BASE Piston C- S/B 1.0  

Twister piston CR 6.2  :  Piston T- S/B 1.0 

Modified piston A, CR 7.5 :  MOD Piston A- S/B 1.0 

Modified piston T, CR 7.8 :  MOD Piston T- S/B 1.0 

 

Base CD 100 piston C, S/B 1.0, CR 8.8 :  BASE Piston C S/B 1.0 

Twister Piston T, S/B 0.9, CR 7.8  :  MOD Piston T S/B 0.9 

Twister Piston T, S/B 0.9, and       

high ignition voltage 2 kV, CR 7.8    :           MOD Piston T S/B 0.9 HV 

 

Twister Piston T, S/B 1.0, CR 7.8  :   MOD Piston T S/B 1.0 

Twister Piston T, S/B 1.1, CR 7.8  :   MOD Piston T S/B 1.1 

 

4.2.1 Investigations on study the influence of piston crown geometry 

 

The aim of the experimental investigation was to study the influence of piston crown 

geometry on performance of Biogas fuelled SI engine. Accordingly, using the initial setup 
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the experimentation was carried out in successive stages by testing the engine under 

gasoline, scrubbed biogas and raw biogas with 3 identified pistons A, T and the base 

version Piston C for assessment of performance and emissions of the engine ( S/B = 1 ) 

without changing the basic structure of the engine or the combustion chamber. 

 

4.2.1.1 Testing of the engine on Petrol, Scrubbed Biogas and Raw Biogas for Piston A, 

BASE Piston C and Piston T at S/B=1.0. 

 

The selected Piston A and Piston T has a large amount of cleavage on the piston crown; 

hence it is assumed that the piston is capable of generating a large amount of turbulence in 

the combustion chamber. Apart from this, higher cleavage on the crown of Piston A and 

Piston T results into a lower compression ratio of 6.6 and 6.2 respectively for the engine. 

This will allow to improve upon the compression ratio and study the subsequent effects on 

the engine performance and emissions. The Piston C is the original flat base piston of the 

selected engine which has a compression ratio of 8.8. Thus, these three Pistons A, C and T 

will allow to study the influence of piston crown geometry to achieve the optimal 

configuration.  

 

Figure 4.1 to Figure 4.21 represent the performance and emissions curves by loading the 

crankshaft on Petrol, Scrubbed Biogas and Raw Biogas as a fuel for various Piston A, C 

and T. The tabulation of the experimental results with uncertainty analysis is given in 

Table A-1 to Table-A24 in Appendix- A. 
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Figure 4.1. Brake thermal efficiency with respect to brake power on petrol fuel for 

Piston A, C and T. 

 

 
Figure 4.2. BSFC with respect to brake power on petrol fuel for Piston A, C and T. 
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Figure 4.3. BSEC with respect to brake power on petrol fuel for Piston A, C and T. 

 

 

 
Figure 4.4. Brake thermal efficiency with respect to brake power on scrubbed biogas 

fuel for Piston A, C and T. 
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Figure 4.5. BSFC with respect to brake power on scrubbed biogas fuel for Piston A, C 

and T. 

 

 
Figure 4.6. BSEC with respect to brake power on scrubbed biogas fuel for Piston A, C 

and T. 
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Figure 4.7. Brake thermal efficiency with respect to brake power on raw biogas fuel 
for Piston A, C and T. 

 

 
Figure 4.8. BSFC with respect to brake power on raw biogas fuel for Piston A, C and  

Piston T. 
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Figure 4.9. BSEC with respect to brake power on raw biogas fuel for Piston A, C and  

PistonT. 

 
 
 

Figure 4.10. Variation of HC with respect to brake power on petrol fuel for Piston A, 

C and T. 
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Figure 4.11. Variation of HC with respect to brake power on scrubbed biogas fuel for 

Piston A, C and T. 

 
 

Figure 4.12. Variation of HC with respect to brake power on raw biogas fuel for 

Piston A, C and T. 
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Figure 4.13. Variation of NOx with respect to brake power on petrol fuel for Piston A, 

C and T. 

 
 

Figure 4.14. Variation of NOx with respect to brake power on scrubbed biogas fuel 

for Piston A, C and T. 
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Figure 4.15. Variation of NOx with respect to brake power on raw biogas fuel for 

Piston A, C and T. 

 
Figure 4.16. Variation of CO with respect to brake power on petrol fuel for Piston A, 

C and T. 
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Figure 4.17. Variation of CO with respect to brake power on scrubbed biogas fuel for 

Piston A, C and T. 

 
Figure 4.18. Variation of CO with respect to brake power on raw biogas fuel for 

Piston A, C and T. 
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Figure 4.19. Variation of CO2 with respect to brake power on petrol fuel for Piston A, 

C and T. 

 
 
 

Figure 4.20. Variation of CO2 with respect to brake power on scrubbed biogas fuel 

for Piston A, C and T. 
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Figure 4.21. Variation of CO2 with respect to brake power on raw biogas fuel for 

Piston A, C and T. 

 

 

 

4.2.2 Investigations on study the influence of piston crown geometry and compression 

ratio 

 

The main focus of the entire experimental investigations was to study the influence of 

piston crown geometry and compression ratio on performance of Biogas fueled SI engine. 

Accordingly, the experimentation was carried out in successive stages by testing the engine 

under gasoline, scrubbed biogas and raw biogas with Pistons A, Piston T, BASE Piston C, 

MOD Piston A and MOD Piston T for assessment of performance and emissions of the 

engine ( S/B = 1.0 ). 
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4.2.2.1 Improving the compression ratio for Piston A and Piston T and testing of the 

engine on Petrol, Scrubbed Biogas and Raw Biogas for all piston configurations 

 
 
Selected Piston A and Piston T has a large amount of cleavage on the piston crown; hence 

it is capable of generating a large amount of turbulence in the combustion chamber. Apart 

from this, higher cleavage on the crown of Piston A and Piston T results into a lower 

compression ratio of 6.6 and 6.2 respectively for the engine. This will allow to improve 

upon the compression ratio and study the subsequent effects on the engine performance 

and emissions.  

 

In order to increase the compression ratio the cylinder block was machined by 2 mm and 3 

mm from bottom to maintain the compression ratio for Piston A and Piston T respectively 

(refer Plate 3.22, unit 3.11). The augmented compression ratio from 6.6:1 to 7.5:1 and 

6.2:1 to 7.8:1 respectively for Piston A and Piston T is renamed as MOD Piston A and 

MOD Piston T in this thesis. The machining of the block was done in accordance with the 

clearance volumes developed by the virtue of the piston height and the crevices present in 

the piston crown thereby ensuring that the inlet and exhaust valves don’t touch the piston 

crown when it is at TDC position. 

 

Piston C is the original flat base piston of the selected engine which has a compression 

ratio of 8.8. Thus, these three Pistons A, C and T will allow to study the simultaneous 

influence of piston crown geometry and compression to achieve the optimal configuration.  

Figure 4.22 to Figure 4.46 represent the performance and emissions curves by loading the 

crankshaft on petrol, scrubbed biogas and raw biogas as a fuel for various pistons ( Piston 

A,C,T, MOD Piston A and MOD Piston T) and at various compression ratios for S/B=1.0. 

 

The tabulation of the experimental results with uncertainty analysis is given in Table A-1 

to Table-A24 in Appendix- A. 
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Figure 4.22. Brake thermal efficiency with respect to brake power on Petrol as a fuel 

for various pistons and at different compression ratios with S/B=1.0. 

 

 
 

Figure 4.23. Brake thermal efficiency with respect to brake power on Scrubbed 

Biogas as a fuel for various pistons and at different compression ratios with S/B=1.0. 
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Figure 4.24. Brake thermal efficiency with respect to brake power on Raw Biogas as a 

fuel for various pistons and at different compression ratios with S/B=1.0. 

 

 

Figure 4.25. Maximum brake thermal efficiency for various fuels and different CR 

with S/B=1.0. 
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Figure 4.26. BSFC with respect to brake power on Petrol fuel for various pistons and 

at different compression ratios with S/B=1.0. 

 
 

Figure 4.27. BSFC with respect to brake power on Scrubbed Biogas fuel for various 

pistons and at different compression ratios with S/B=1.0. 
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Figure 4.28. BSFC with respect to brake power on Raw Biogas fuel for various 

pistons and at different compression ratios with S/B=1.0. 

 
 

 
Figure 4.29. Minimum BSFC for various fuels and different CR with S/B=1.0 
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Figure 4.30. BSEC with respect to brake power on Petrol fuel for various pistons and 

at different compression ratios with S/B=1.0. 

 
 

Figure 4.31. BSEC with respect to brake power on Scrubbed Biogas fuel for various 

pistons and at different compression ratios with S/B=1.0. 
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Figure 4.32. BSEC with respect to brake power on Raw Biogas fuel for various 

pistons and at different compression ratios with S/B=1.0. 

 
 

 
Figure 4.33. Minimum BSEC for various fuels and different CR with S/B=1.0 
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Figure 4.34. Maximum brake power for various fuels and different compression ratio 

with S/B=1.0 

 
Figure 4.35. Variation of HC with respect to brake power on Petrol fuel for various 

pistons and at different compression ratios with S/B=1.0. 
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. 

 
Figure 4.36. Variation of HC with respect to brake power on Scrubbed Biogas fuel for 

various pistons and at different compression ratios with S/B=1.0. 

 
Figure 4.37. Variation of HC with respect to brake power on Raw Biogas fuel for 

various pistons and at different compression ratios with S/B=1.0. 
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Figure 4.38. Variation of NOx with respect to brake power on Petrol fuel for various 

pistons and at different compression ratios with S/B=1.0. 

 
Figure 4.39. Variation of NOx with respect to brake power on Scrubbed Biogas fuel 

for various pistons and at different compression ratios with S/B=1.0. 
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Figure 4.40. Variation of NOx with respect to brake power on Raw Biogas fuel for 

various pistons and at different compression ratios with S/B=1.0. 

 
Figure 4.41. Variation of CO with respect to brake power on petrol fuel for various 

pistons and at different compression ratios with S/B=1.0. 



Experimental Results and Discussions 
 

 
 

172 
 

 
Figure 4.42. Variation of CO with respect to brake power on Scrubbed Biogas fuel for 

various pistons and at different compression ratios with S/B=1.0. 

 

 
Figure 4.43. Variation of CO with respect to brake power on Raw Biogas fuel for 

various pistons and at different compression ratios with S/B=1.0. 
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Figure 4.44. Variation of CO2 with respect to brake power on Petrol fuel for various 

pistons and at different compression ratios with S/B=1.0. 

 
Figure 4.45. Variation of CO2 with respect to brake power on Scrubbed Biogas fuel 

for various pistons and at different compression ratios with S/B=1.0. 
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Figure 4.46. Variation of CO2 with respect to brake power on Raw Biogas fuel for 

various pistons and at different compression ratios with S/B=1.0. 

 

 

4.2.3 Investigations on study the influence of stroke-to-bore (S/B) ratios and ignition 

voltage requirement 

 
The experimental investigations were conducted to study the influence of stroke-to-bore 

(S/B) ratios and ignition voltage requirement on performance of Biogas fueled SI engine. 

Accordingly, the experimentation was carried out in successive stages by testing the engine 

under gasoline, scrubbed biogas and raw biogas with three S/B ratios (0.9, 1.0 and 1.1) and 

augmented ignition voltage of 2 kV with MOD Piston T for assessment of performance 

and emissions of the engine. 
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4.2.3.1 Testing the modified engine on Petrol, Scrubbed Biogas and Raw Biogas with 

MOD Piston T at three stroke-to-bore (S/B) ratios (0.9, 1.0 and 1.1) and augmented 

ignition voltage 

 

Experimental investigations were carried out with MOD Piston T on all the three S/B) 

ratios (0.9, 1.0 and 1.1) and augmented ignition voltage with Scrubbed Biogas and Raw 

Biogas as fuel in order to compare the performances with Gasoline. The performance and 

emission curves for the 3 S/B ratios and augmented ignition voltage of 2 kV is shown in 

Figure 4.47 to Figure 4.76. The tabulation of experimental results with uncertainty analysis 

is given Table A-1 to Table A-24 in Appendix – A. 

 

 

Figure 4.47. Brake thermal efficiency and BSFC with respect to brake power for S/B 1.0 base 

Piston C 

 

As the load increases, brake power and brake thermal efficiency increases and BSFC decreases 

relatively for all S/B ratios at high ignition voltage respectively. The peak brake thermal efficiency 

achieved with base Piston C, S/B 1.0 for petrol is 28.26%, for scrubbed biogas, is 27.53% and for 

raw biogas, is 15.32%. The minimum BSFC achieved with base Piston C for petrol is 0.2769 

kg/kW-h, for scrubbed biogas is 0.2614 kg/kW-h and for raw biogas is 0.4638 kg/kW-h. 
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Figure 4.48. Brake thermal efficiency and BSFC with respect to brake power for S/B 1.0 

MOD Piston T 

The peak brake thermal efficiency achieved with Piston T for S/B=1.0 on petrol is 31.86%, for 

scrubbed biogas is 28.48% and for Raw biogas is 20.81% respectively and the minimum BSFC 

achieved on petrol is 0.2511 kg/kW-h, for scrubbed biogas is 0.2528 kg/kW-h and for raw biogas is 

0.3762 kg/kW-h respectively.  

 

Figure 4.49. Brake thermal efficiency and BSFC with respect to brake power for S/B 0.9 for 

MOD Piston T 

 

The peak brake thermal efficiency achieved with Piston T for S/B 0.9 on petrol is 30.52%, for 

scrubbed biogas is 29.68% and for raw biogas is 20.1% respectively and the minimum BSFC 

achieved on petrol is 0.2621 kg/kW-h, for scrubbed biogas is 0.2425 kg/kW-h and for raw biogas is 

0.3349 kg/kW-h respectively.  
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Figure 4.50. Brake thermal efficiency and BSFC with respect to brake power for S/B 0.9, high 

voltage for MOD Piston T 

 

The maximum brake thermal efficiency achieved with Piston T for S/B 0.9 with high ignition 

voltage on petrol is 31.80%, for scrubbed biogas it is 30.43% and for raw biogas it is 23.04% 

respectively and the minimum BSFC achieved on petrol is 0.2515 kg/kW-h, for scrubbed biogas it 

is 0.2366 kg/kW-h and for raw biogas it is 0.3273 kg/kW-h respectively.  

 

Figure 4.51. Brake thermal efficiency and BSFC with respect to brake power for S/B 1.1 for 

MOD Piston T 

The peak brake thermal efficiency achieved with Piston T for S/B=1.1 on petrol is 32.18%, for 

scrubbed biogas is 31.58% and for raw biogas is 24.23% respectively and the minimum BSFC 

achieved on petrol is 0.2486 kg/kW-h, for scrubbed Biogas is 0.2379 kg/kW-h and for raw biogas 

is  0.2933 kg/kW-h respectively.  
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Figure 4.52.  Brake thermal efficiency with respect to brake power at various S/B 

ratios for Petrol as a fuel 

 

Figure 4.53.  Brake thermal efficiency with respect to brake power at various S/B 

ratios for Scrubbed Biogas as a fuel. 
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Figure 4.54.  Brake thermal efficiency with respect to brake power at various S/B 

ratios for Raw Biogas as a fuel 

 

 
Figure 4.55. Maximum brake thermal efficiency for various S/B configurations and 

fuels. 
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The maximum brake thermal efficiency achieved with S/B=0.9 having high ignition 

voltage for raw biogas is 23.04% and for the base Piston C S/B=1.0 is 15.32% , which is 

7.72% higher than base Piston C. The maximum brake thermal efficiency obtained for raw 

biogas with S/B=1.1 is 8.91% higher than base piston C. The efficiency for S/B=0.9 is 

4.78% higher than that of base piston C S/B=1.0 for raw biogas as a fuel. 

 

 

 

 

Figure 4.56.  BSFC with respect to brake power at various S/B ratios for Petrol as a 

fuel. 
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Figure 4.57.  BSFC with respect to brake power at various S/B ratios for Scrubbed 

Biogas as a fuel 

 

 

Figure 4.58.  BSFC with respect to brake power at various S/B ratios for Raw Biogas 

as a fuel. 
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Figure 4.59. Minimum BSFC for various S/B configurations and fuels. 

 
 

The minimum BSFC achieved with S/B = 0.9 having high ignition voltage for raw biogas 

is 0.3273 kg/kW-h, which is 29.43% lower than that of base Piston C S/B 1.0. The 

minimum BSFC obtained with S/B = 0.9 for raw biogas is 0.3549 kg/kW-h which is 

23.47%  lower than that of base Piston C S/B 1.0.The minimum BSFC achieved with 

S/B=1.1 for raw biogas is 0.2933 kg/kW-h. 
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Figure 4.60.  BSEC with respect to brake power at various S/B ratios for Petrol as a 

fuel. 

 

Figure 4.61.  BSEC with respect to brake power at various S/B ratios for Scrubbed 

Biogas as a fuel. 
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Figure 4.62.  BSFC with respect to brake power at various S/B ratios for Raw Biogas 

as a fuel. 

 

 
Figure 4.63. Minimum BSEC for various S/B configurations and fuels. 
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The BSEC achieved with S/B=1.1 for raw biogas is 5.43 MJ/kWh and with base Piston C 

is 8.58 MJ/kWh, which is 36.71%  less than that of base Piston C S/B 1.0. The BSEC 

achieved with S/B=0.9 having high ignition voltage for raw biogas is 6.06 MJ/kWh and 

with base Piston C is 8.58 MJ/kWh, which is 29.37% lower than that of base Piston C S/B 

1.0.  

 

 

 
Figure 4.64. Maximum Brake Power for various S/B configurations and fuels. 

 

The significant enhancement in performance is achieved with  S/B=0.9 is 88 CC engine, it 

produced peak power of 1470Watt on petrol and 882 Watt on raw biogas, so de-ration of 

the engine was found to be 40%. The engine with S/B=0.9 having high ignition voltage 

produced power of 1564Watt on petrol and 975 Watt on raw biogas, so its de-ration was 

around 37% on raw biogas. The engine with S/B =1.1 produced power of 2079Watt on 

petrol and 1178 Watt on raw biogas, so its de-ration was found around 43.33% on raw 

biogas. This means that the engine configuration with S/B=0.9 having high ignition 

voltage delivers the performance comparable to the 108 cc engine class. 
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Figure 4.65. Variation of HC with respect to brake power on Petrol fuel for various 

pistons, compression ratios and S/B ratios with augmented ignition voltage. 

 

 
Figure 4.66. Variation of HC with respect to brake power on Scrubbed Biogas fuel for 

various pistons, compression ratios and S/B ratios with augmented ignition voltage. 
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Figure 4.67. Variation of HC with respect to brake power on Raw Biogas fuel for 

various pistons, compression ratios and S/B ratios with augmented ignition voltage. 

 

 
Figure 4.68. Variation of NOx with respect to brake power on Petrol fuel for various 

pistons, compression ratios and S/B ratios with augmented ignition voltage. 



Experimental Results and Discussions 
 

 
 

188 
 

 
Figure 4.69. Variation of NOx with respect to brake power on Scrubbed Biogas fuel 

for various pistons, compression ratios and S/B ratios with augmented ignition 

voltage. 

 
Figure 4.70. Variation of NOx with respect to brake power on Raw Biogas fuel for 

various pistons, compression ratios and S/B ratios with augmented ignition voltage. 
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Figure 4.71. Variation of CO with respect to brake power on Petrol fuel for various 

pistons, compression ratios and S/B ratios with augmented ignition voltage. 

 

 
Figure 4.72. Variation of CO with respect to brake power on Petrol fuel for various 

pistons, compression ratios and S/B ratios with augmented ignition voltage 
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Figure 4.73. Variation of CO with respect to brake power on Raw Biogas fuel for 

various pistons, compression ratios and S/B ratios with augmented ignition voltage. 

 

 
Figure 4.74. Variation of CO2 with respect to brake power on Petrol fuel for various 

pistons, compression ratios and S/B ratios with augmented ignition voltage. 
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Figure 4.75. Variation of CO2 with respect to brake power on Scrubbed Biogas fuel 

for various pistons, compression ratios and S/B ratios with augmented ignition 

voltage. 

 
Figure 4.76. Variation of CO2 with respect to brake power on Raw Biogas fuel for 

various pistons, compression ratios and S/B ratios with augmented ignition voltage  
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4.2.4 Investigations on study the effects of methane content in Biogas on performance 

of the engine 

 

The experimental investigations were conducted to study the effects of methane content in 

Biogas on performance of the engine. Accordingly, the testing the engine under gasoline, 

scrubbed biogas (CH4 93.8%) and raw biogas (CH4 56.6%) with all selected pistons 

(Pistons A, Piston T, BASE Piston C, MOD Piston A and MOD Piston T). 

 

4.2.4.1 Testing the engine on Petrol, Scrubbed Biogas and Raw Biogas with all 

identified pistons 

 

Experimental investigations were carried out on all the identified pistons (Pistons A, Piston 

T, BASE Piston C, MOD Piston A and MOD Piston T) with Scrubbed Biogas and Raw 

Biogas as fuel in order to compare the performances with Gasoline. The performance and 

emission curves for the selected pistons are shown in Figure 4.77 to Figure 4.91. The 

tabulation of experimental results with uncertainty analysis is given Table A-1 to Table A-

24 in Appendix – A. 

 
 

Figure 4.77. Brake thermal efficiency with respect to brake power on Petrol, 

Scrubbed Biogas and Raw Biogas for base Piston C. 
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Figure 4.78. BSFC with respect to brake power on Petrol, Scrubbed Biogas and Raw 

Biogas for base Piston C. 

 

 

Figure 4.79. BSEC with respect to brake power on Petrol, Scrubbed Biogas and Raw 

Biogas for base Piston C. 
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Figure 4.80. Brake thermal efficiency with respect to brake power on Petrol, 

Scrubbed Biogas and Raw Biogas for Piston A.  

 
 

 

Figure 4.81. Brake thermal efficiency with respect to brake power on Petrol, 

Scrubbed Biogas and Raw Biogas for Piston T. 
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Figure 4.82. BSFC with respect to brake power on Petrol, Scrubbed Biogas and Raw 

Biogas for Piston A.  

 
 
Figure 4.83. BSFC with respect to brake power on Petrol, Scrubbed Biogas and Raw 

Biogas for Piston T. 
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Figure 4.84. BSEC with respect to brake power on Petrol, Scrubbed Biogas and Raw 

Biogas for Piston A. 

 

Figure 4.85. BSEC with respect to brake power on Petrol, Scrubbed Biogas and Raw 

Biogas for Piston T. 
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Figure 4.86. Brake thermal efficiency with respect to brake power on Petrol, 

Scrubbed Biogas and Raw Biogas for MOD Piston A. 

 

 

 

Figure 4.87. Brake thermal efficiency with respect to brake power on Petrol, 

Scrubbed Biogas and Raw Biogas for MOD Piston T. 



Experimental Results and Discussions 
 

 
 

198 
 

 

 

Figure 4.88. BSFC with respect to brake power on Petrol, Scrubbed Biogas and Raw 

Biogas for MOD Piston A. 

 

Figure 4.89. BSFC with respect to brake power on Petrol, Scrubbed Biogas and Raw 

Biogas for MOD Piston T. 
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Figure 4.90. BSEC with respect to brake power on Petrol, Scrubbed Biogas and Raw 

Biogas for MOD Piston T. 
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Figure 4.91. BSEC with respect to brake power on Petrol, Scrubbed Biogas and Raw 

Biogas for MOD Piston A.
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CHAPTER – 5 

 
 

COMPARATIVE ANALYSIS OF 

EXPERIMENTAL RESULTS  
 

 

5.1 Introduction   

 

In order to develop the biogas engine technology experimental investigation was carried 

out in successive stages to study the effects of piston crown geometry, compression ratio, 

ignition voltage, stroke to bore (S/B) ratio and effects of methane concentration in biogas 

on performance and emission characteristics of biogas fuelled SI engine. The comparative 

analysis of the experimental results are discussed in this unit.  

 

5.2 Comparative analysis of the experimental results of piston geometry for Piston A, 

BASE Piston C and Piston T at S/B=1.0. 

 

The comparative assessment of engine performance and emission characteristics of all the 

three Piston A, Base Piston C and Piston T (S/B= 1.0) with Petrol, Scrubbed Biogas and 

Raw Biogas as fuel is given in Table 5.1 while the experimental results on effects of piston 

geometry are discussed below: 

 

 The comparative results of all the 3 pistons the  BASE Piston C performs the best, 

in terms of, power, specific fuel consumption and efficiency for all the fuel. This is 

due to compression ratio and optimum combustion chamber design. Any, change in 
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combustion chamber and compression ratio results into performance deterioration. 

[36,40,43,49, 78, 82,85,98,99] 

 The peak brake thermal efficiency achieved with Piston C for petrol is 28.26%, for 

scrubbed Biogas is 27.53% and for Raw biogas is 15.32%. The minimum BSFC 

achieved with Piston C for petrol is 0.2769 kg/kW-h, for scrubbed Biogas is 0.2614 

kg/kW-h and for Raw biogas is 0.4638 kg/kW-h. The peak brake thermal efficiency 

achieved with Piston A and Piston T for petrol is 24.76% and 24.24%, for scrubbed 

Biogas is 22.20% and 21.63% and for Raw biogas is 15.23% and 15.10% 

respectively. 

 
 As the load increases, brake thermal efficiency increases, and BSFC improves 

relatively for all fuel and for all piston configurations. The minimum BSFC 

achieved with Piston A and Piston T for petrol is 0.3231 kg/kW-h and 0.33 kg/kW-

h, for scrubbed Biogas it is 0.3242 kg/kW-h and 0.332 kg/kW-h and for Raw 

biogas is 0.4795 kg/kW-h and 0.4921 kg/kW-h respectively.  

 
 The study concluded that Piston A and Piston T had a poor performance compared 

to base Piston C. The deterioration in results for Piston A and Piston T were due to 

low compression ratio (CR) of 6.6:1 and 6.2:1 respectively against CR of 8.8:1 for 

base Piston C. [15,16,17, 20,22,23,24]. However, Piston A and Piston T owing to 

its squish generating shape due to higher cleavage on its crown were found to 

deliver better performance with improved compression ratio. Hence, the CR for 

Piston A and Piston T were increased to 7.5:1 and 7.8:1 respectively renamed as 

modified Piston A and T in this thesis. 

 
 Due to low volumetric efficiency of scrubbed biogas/ raw biogas the performance 

levels with all three pistons are observed to be poor as compared with petrol 

[16,69,71,73,74,75,76,88].  

 
 The performance levels for scrubbed biogas fuel with all three pistons are observed 

to be superior as compared with raw biogas due to reductions in the CO2 

concentration, hence leading to faster combustion, which are responsible for the 

improvement in the thermal efficiency, power and BSFC  [17,68,69,70,71,72]. 
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 The HC emission levels with Scrubbed Biogas in general are observed to be lower 

as compared to petrol and raw biogas for all piston configurations which is quite in 

tune with the published literature [16,17,70,100]. 

 
 CO emission in raw biogas is more compared to scrubbed biogas. Emission of CO 

is negligible with scrubbed biogas compared to gasoline. CO2 emission in gasoline 

is more compared to scrubbed biogas and raw biogas. 

 
 The present high proportion of CO2 in the fuel mixture of biogas reduces the NOx 

emissions and hence reduction in NOx is found in raw biogas compare to scrubbed 

biogas. Removal of CO2 in biogas results in enriched biogas that leads to faster 

combustion and which reduces hydro carbon (HC) emissions [16,17,70,100]. 

 

 Emissions with the BASE Piston C is least for all fuels compared to other pistons. 

This is due to optimum combustion chamber design with original piston and any 

change in combustion chamber and compression ratio results into performance 

deterioration [36,40,43,49, 78, 82,85,98,99]. 
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Table 5.1 Comparative analysis of result for Piston A, C and T on various fuels 

 

Sr. 

No 

 Parameter Fuel Piston A 

S/B=1.0 

CR=6.6:1 

BASE Piston C 

S/B=1.0 

CR=8.8:1 

Piston T 

S/B=1.0 

CR=6.2:1 

1. Peak Power (Watt) Petrol 1067 1374 1136 

Scr.BG 1071 1322 1044 

Raw BG 652 676 652 

2. Maximum Thermal 

Efficiency (%) 

Petrol 24.76 28.88 24.24 

Scr.BG 22.20 27.53 21.63 

Raw BG 15.23 15.32 15.1 

3. Minimum Brake 

Specific Fuel 

Consumption (Kg/kWh) 

Petrol 0.3231 0.2769 0.33 

Scr.BG 0.3242 0.2614 0.332 

Raw BG 0.4795 0.4638 0.4921 

4. Minimum Brake 
Specific Fuel 
Consumption  
(MJ/kW-hr) 

Petrol 14.86  12.73  15.18  

Scr.BG 16.21  13.07  16.64  

Raw BG 20.38 20.26 20.56 

 

Note :  

(i) H.H.V. of Scrubbed Biogas (CH4 93.8%): 50 MJ/kg ( Akshar Biotech Pvt.Ltd, Surat ) 

(ii) H.H.V. of Raw Biogas (CH4 56.6%): 18.5 MJ/Kg ( Akshar Biotech Pvt.Ltd, Surat ) 

(iii)H.H.V. of Petrol: 45.2 MJ/kg 
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5.3 Comparative analysis of the experimental results of piston geometry and 

augmented compression ratio 

 

The experimentation has yielded fruitful results as the compression ratio of the engine with 

Piston A and Piston T were raised from 6.6:1 to 7.5:1 and 6.2:1 to 7.8:1 respectively.  

The experimental results can be summarized as follows: 

 Piston A and Piston T was found to deliver relatively poor performance as 

compared to Base Piston C when tested on Scrubbed Biogas and Raw Biogas due 

to its lower compression ratio because of higher cleavage on its crown resulting 

into higher clearance volume[15,16,17, 20,22,23,24]. 

 

 However, Piston A and Piston T owing to its squish generating shape due to higher 

cleavage on its crown is expected to offer better performance with improved 

compression ratio [22-24,31,34-37,40,43]. 

 The peak brake thermal efficiency achieved with MOD Piston A and MOD Piston 

T for petrol is 28.13% and 31.86%, for scrubbed Biogas it is 25.23% and 28.48% 

and for Raw biogas it is 18.06% and 20.81% respectively. 

 

 The maximum brake thermal efficiency achieved with MOD Piston T is 20.81 %  

for Raw biogas and is 5.49% and higher than that of base Piston C. The maximum 

efficiency achieved with MOD Piston A is 18.06 % for Raw biogas and is 2.74% 

higher than that of base Piston C. 

 
 In the present work, increasing CR for MOD Piston A from 6.6:1 to 7.5:1 has 

resulted into an improvement in the peak power, thermal efficiency and BSFC by 

36.50%, 18.58 % and 17.85 % respectively, as compared to Piston A with its 

original configuration. 

 
 The minimum BSFC achieved with MOD Piston A and MOD Piston T for petrol is 

0.2843 kg/kW-h and 0.2511 kg/kW-h, for scrubbed Biogas it is 0.2853 kg/kW-h 

and 0.2528 kg/kW-h and for Raw biogas it is 0.3939 kg/kW-h and 0.3762 kg/kW-h 

respectively.  
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 Increasing CR for MOD Piston T from 6.2:1 to 7.8:1 has resulted into an 

improvement in the peak power, thermal efficiency and BSFC by 50.0 %, 37.81 % 

and 23.55 % respectively, as compared to Piston T with its original configuration. 

 
 The experimentation has yielded improved results for both piston A and Piston T as 

the compression ratio of the engine increased in both case. 

 
 Inspite of the fact that the compression ratio of the engine with base Piston C is 

8.8:1 and with MOD Piston T is 7.8:1 which is lower than base Piston C, the MOD 

Piston T showed an improved performance in terms of brake thermal efficiency, 

BSFC and power characteristics.  

 Engine with MOD Piston T when run on scrubbed biogas mode was able to 

develop equivalent power compared to gasoline under all loading conditions. This 

may be attributed to simultaneous influence of better turbulence resulting due to 

piston crown geometry [34,35,36,37,40,43] and increase in compression ratio 

[22,23,24,31,37]. 

 

 The results obtained with improved compression ratio of 7.8:1 for MOD Piston T 

are observed to be highest as compared to all pistons. The improvement is due to 

better turbulence inside the combustion chamber owing to piston crown geometry 

and increase in compression ratio. [22-24, 31,34-37,40,43]. 

 
 The maximum power produced by base piston C on petrol is 1375 Watt and 676 

Watt on raw biogas, so the de-ration of the engine on raw biogas for base piston C 

which was 51% has reduced to 37.6% for modified piston T and 39.8% for 

modified piston A respectively. So there is 13.4% reduction of de-ration for MOD 

Piston T compared with base Piston C for raw biogas. 

 
 Maximum power produced by modified piston T on petrol is 1571 Watt and 979 

Watt on raw biogas as fuel which is 31% more than base piston C on raw biogas. 

 Maximum power produced with improved compression ratio 7.5:1 with modified 

piston A on petrol is 1478 Watt and 890 Watt on raw biogas as fuel which is 24% 

more than base piston C on raw biogas. 
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 The minimum BSFC achieved with MOD Piston T for Raw biogas is 0.3762 

kg/kW-h, which is 18.88% lower than that of base Piston C. The minimum BSFC 

obtained with MOD Piston A for Raw biogas is 0.3939 kg/kW-h and which is 

15.07% lower than that of base Piston C. 

 
 The minimum BSEC achieved with MOD Piston T for Raw biogas is 14.91 

MJ/kW-hr, which has improved by 26.84% compared to base Piston C. The 

minimum BSEC obtained with MOD  Piston A for Raw biogas is 17.18 MJ/kW-hr, 

which has improved by 15.70% compared to base Piston C. 

 
 The performance levels with all three pistons with scrubbed biogas and raw biogas 

as fuel are observed to be inferior as compared to their operation with petrol as fuel. 

This is basically attributed to lower volumetric efficiency achieved with Biogas 

[16,69,71,73,74,75,76,88]. 

 
 The study concludes that proper selection of piston geometry and increase in 

compression ratio for large cleavage piston increases the performance of biogas 

fueled SI engine. [22-24, 31, 34-37, 40-43]. 

 
 Enriched biogas reduces HC emissions for all combination of piston as compared to 

petrol and raw biogas [16,17,70,100]. The presence of high proportion of CO2 in 

the fuel mixture of raw biogas reduces the NOx emissions and removal of CO2 in 

biogas results in enriched biogas that leads to faster combustion and which reduces 

hydro carbon (HC) emissions [16,17,70,100]. 

 

 CO emission in raw biogas is more compared to scrubbed biogas. Emission of CO 

is negligible with scrubbed biogas compared to gasoline. CO2 emission in gasoline 

is more compared to scrubbed biogas and raw biogas. 

 
 Emissions with the BASE Piston C is least for all fuel compared to other pistons 

this is due to optimum combustion chamber design with original piston and any 
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change in combustion chamber and compression ratio results into performance 

deterioration [36,40,43,49, 78, 82,85,98,99]. 

 

 Increase in CR has led to reduction in CO2 with Scrubbed Biogas and Raw Biogas 

as a fuel for MOD Piston T. Similarly, compared to other piston geometry HC 

emissions are relatively low for Piston T for all fuel. The NOx emission is low with 

Raw Biogas as fuel due to high proportion of CO2 [16,17,70,100]. 

 

Ravi [34-35], 2018, theoretically and experimentally investigated the effects of piston 

squish area on charge motion using 4 piston geometries. The piston crown geometry was 

optimized and it was concluded that 30% piston squish area improved the performance, 

combustion characteristics and reduced the emission with lean burn fuelled SI engine. 

Antony [36], 2013, studied energy efficient piston configuration for effective air motion 

inside the cylinder using four configurations pistons and found that the centre bowl on flat 

piston to be the best and better choice from the point of view of tumble ratio, turbulent 

kinetic energy, turbulent intensity and length scale which play very main role in imparting 

proper air motion, hence increasing the energy efficiency of the engine.  

 

Yamakawa [37], 2011, developed combustion technology to prevent output power loss for 

a high CR SI engine. This technology allowed to increase the CR as a result, thermal 

efficiency of the engine has been improved. High CR accelerates the combustion speed, a 

rapid combustion by the use of cavity piston and intensified tumble flow. Increasing 

compression ratio and higher cleavage on crown of the piston improve performance of the 

engine. Johansson [40], studied ten different geometries and found a large difference in the 

rate of combustion between the chambers of an S.I. engine. The flow field in the cylinder 

of a medium size lean burned fuelled gas engine is much affected by the design of the 

piston crown. The pistons with cylindrical and square cross sections of the bowl give the 

highest peak levels of turbulence. Polus et al [43], investigated the effect of combustion 

chamber geometry on spark ignition engine combustion and on the flame propagation.  The 

study found that shape of combustion chamber significantly influences the rate of flame 

entrainment, which increase the burn rate tend to increase thermal efficiency and reduce 

heat loss. 
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Thus literature survey of effects of piston geometry clearly reveals that proper selection of 

piston with larger crevices on its crown increases the turbulence levels and combustion 

which in turn improves the engine performances and also reduces engine tail pipe emission 

for a spark ignition engine [37,40,42]. Shape of the piston crown geometry plays an 

important role in improving the turbulence levels and hence the performance and emission 

characteristics of the engine [36,37,40]. It was observed that high squish area piston was 

the most suitable piston for lean burn SI engine [34,35,41,43]. 

 

Eui-Chang et al [15], 2017, studied performance of a small biogas fuelled SI engine at 

different compression ratio and found that increasing compression ratio enhance the brake 

power output, brake thermal efficiency and reduce BSFC for biogas fuelled small SI 

engine. Porpatham [16], investigated the effect of compression ratio on the performance 

and combustion of a biogas fuelled spark ignition engine and revealed that increase in 

compression ratio seems to be desirable to improve performance and reduce emissions for 

biogas fuelled SI engine. Huang [17], assessed the performance of spark ignition engine 

using simulated biogas as a fuel with a variable compression ratio and noticed that increase 

in CR improves engine performance with CO2 present for biogas-fuelled SI engine. 

 

Bora et al [24], 2015, optimized the compression ratio for a dual fuel CI engine. There was 

an improvement in BTE under duel fuel for high CR; this is due to complete combustion of 

biogas. The time required for complete combustion reduces with increase in CR, which 

enhanced the burning velocity of the biogas air mixture. This means, at high CR 

combustion of biogas starts early and the biogas flow rate (BFR) also decreased. Bora [25], 

2014, investigated the effect of CR on the performance, combustion and emission 

characteristics of a dual fuel diesel engine run on raw biogas and revealed that for dual fuel 

mode increase in CR reduced the emission of CO and HC. 

 

Thus literature clearly reveals that higher compression ratio enhances the engine 

performance, brake power output, brake thermal efficiency and improve BSFC for biogas 

fuelled SI engine [15,16,17,20,22,23,24].  Biogas having lower laminar flame velocity of 

25 cm/s [14, 23], so combustion is slow and combustion period is long which affects the 

performance of the engine. Increasing compression ratio  increases the burning rate and 
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solved the problem of low burning velocity [22,23,24,31,37].Increasing CR also improves 

the turbulence and which improves combustion and performance of biogas fuelled SI 

engine when CO2 was present[17,31]. 

 

The research work revealed that increasing compression ratio and higher cleavage on 

crown of the piston improve performance of biogas fuelled SI engine. The work also 

highlights the performance improvement with augmented compression ratio from 6.2:1 to 

7.8:1 and twin cleavage geometry with a ratio of cleavage volume to total clearance 

volume as 7 – 11 % with larger cleavage sharing 4 to 7 % and smaller one to share 3 to 4 

% and both located at 180° phase difference with their axis intersecting the piston pin at 

right angles to be responsible for improving the turbulence levels which in turn enhances 

the lean burn limits resulting in improved combustion. 
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Table 5.2 Comparative analysis of results for Piston A, C, T, MOD Piston A and MOD 

Piston T at S/B=1.0 on various fuel. 

 

Sr. 

No 

Parameter Fuel Piston A 

CR=6.6:1 

BASE 

Piston C 

CR=8.8:1 

Piston T 

CR=6.2:1 

MOD 

Piston T 

CR=7.8:1 

MOD 

Piston A 

CR=7.5:1 

1 Peak 

Power 

(Watt) 

Petrol 1067 1374 1136 1570 1478 

Scr.BG 1071 1322 1044 1357 1270 

Raw 

Biogas 

652 676 652 978 890 

2 Maximum 

Thermal 

Efficiency 

(%) 

Petrol 24.76 28.88 24.24 31.86 28.13 

Scr.BG 22.20 27.53 21.63 28.48 25.23 

Raw 

Biogas 

15.23 15.32 15.1 20.81 18.06 

3 Minimum 

BSFC 

(kg/kWh) 

Petrol 0.3231 0.2769 0.33 0.2511 0.2843 

Scr.BG 0.3242 0.2614 0.332 0.2528 0.2853 

Raw 

Biogas 

0.4795 0.4638 0.4921 0.3762 0.3939 

4 Minimum 

BSEC 

(MJ/kWh) 

Petrol 14.86 12.73 15.18 11.55 13.08 

Scr.BG 16.21 13.07 16.64 12.63 14.26 

Raw 

Biogas 

20.38 20.26 20.56 14.91 17.18 

 

Note :  

(i) H.H.V. of Scrubbed Biogas (CH4 93.8%): 50 MJ/kg ( Akshar Biotech Pvt.Ltd, Surat ) 

(ii) H.H.V. of Raw Biogas (CH4 56.6%): 18.5 MJ/Kg ( Akshar Biotech Pvt.Ltd, Surat ) 

(iii)H.H.V. of Petrol: 45.2 MJ/kg 
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5.4 Comparative analysis of the experimental results of S/B ratios and augmented 

ignition voltage. 

 

The experimental work has suggested that a simple change in S/B ratios and ignition 

voltage can develop adequate power that can compete with the conventional gasoline 

engines. Retrofitting biogas for gasoline engines can be improvised by making minor 

changes with the engine. The experimentation has yielded fruitful results as the S/B ratios 

of the engine with MOD Piston T was changed from S/B=1.0 to S/B=0.9 and S/B=1.1 with 

augmented ignition voltage of 2 kV.  

 

Based on experimental results of S/B ratios and augmented ignition voltage following 

conclusions are drawn: 

 

 Lower S/B ratio offers a better compact combustion chamber, which increases the 

mechanical efficiency that improves the performance of the engine. High volumetric 

efficiencies at high engine speeds were obtained at lower S/B ratios [62,65]. A fine 

tuning of S/B ratio has potential to improve heat transfer, mixing time or friction, 

resulting in an overall improvement in engine efficiency [54,57,58,60,67]. 

 

 Increase in ignition voltage by 2 kV has played a vital role to enhance the peak power 

of the engine with MOD Piston T on Raw Biogas as a fuel. Biogas having lower 

laminar flame velocity [14, 18, 47, 52] its combustion period is delayed which requires 

high break down voltage, high ignition energy and hence requires higher spark advance 

[31,46,47,49,51,54,55,70,71]. Boosting the ignition voltage accelerates the flame front 

to reach the end charge to enable complete combustion.  

 
 Low power output of 40% to 50% for biogas fuelled engine as compared to gasoline 

under all configurations due to low density, low volumetric efficiency, low flame speed 

[14, 18, 47, 52] and absence of fuel evaporation.  

 
 The power of the engine enhanced with reduced S/B=0.9 on biogas fuelled small SI 

engine. The significant enhancement in performance was achieved with S/B=0.9 
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having high ignition voltage in 88 CC engine. This means that the engine configuration 

with S/B=0.9 having high ignition voltage delivers the performance comparable to the 

108 cc engine of S/B=1.1. 

 
 The results obtained with S/B=1.1 was found the best among all combination because 

it is 108 cc engine. On gasoline with S/B=1.1 the engine produced power of 2079Watt 

and on raw biogas 1178Watt, so de-ration of the engine is 43% on raw biogas. The 

maximum brake thermal efficiency achieved with S/B=1.1 for raw biogas is 24.23% 

and for the base Piston C S/B=1.0 it is 15.32%, which is 8.91% higher compare to base 

Piston C. 

 
 The engine with S/B =0.9 is 88 CC engine, it produced power of 1470Watt on petrol 

and 882 Watt on raw biogas, so de-ration of the engine is 40%. The maximum brake 

thermal efficiency achieved with S/B=0.9 for raw biogas is 20.10% and for the base 

Piston C S/B=1.0 it is 15.32% , which is 4.78% higher compare to base Piston C. 

 
 The engine with base Piston C S/B=1.0 produced power of 1374Watt on petrol and 676 

Watt on raw biogas, so its de-ration is 50.80% on raw biogas. The engine with S/B=0.9 

having high ignition voltage produced power of 1564Watt on petrol and 975 Watt on 

raw biogas, so its de-ration is 37% on raw biogas, thereby reducing the de-ration to 

13.8% compared tot base Piston C. 

 
 The maximum brake thermal efficiency achieved with S/B=0.9 having high ignition 

voltage for raw biogas is 23.04% and for the base Piston C S/B=1.0 is 15.32% , which 

is 7.72% higher compare to base Piston C. 

 
 The minimum BSFC achieved with S/B=0.9 having high ignition voltage for raw 

biogas is 0.3273 kg/kW-h and with base Piston C is 0.4638 kg/kW-h, which is 29.43% 

lower than that of base Piston C S/B 1.0.  

 
 The minimum BSFC obtained with S/B = 0.9 for raw biogas is 0.3549 kg/kW-h and 

and with base Piston C is 0.4638 kg/kW-h, which is 23.47%  lower than that of base 
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Piston C S/B 1.0. The minimum BSFC achieved with S/B=1.1 for Raw biogas is 

0.2933 kg/kW-h. 

 
 The BSEC achieved with S/B =1.1 for Raw biogas is 5.43  MJ/kWh and with base 

Piston C is 8.58 MJ/kWh , which is 36.71%  less than that of base Piston C S/B 1.0. 

The BSEC achieved with S/B = 0.9 having high ignition voltage for Raw biogas is 6.06 

MJ/kWh,  and with base Piston C is 8.58 MJ/kWh , which is 29.37 % lower than that of 

base Piston C S/B 1.0.  

 
 The performance levels with all S/B ratios with scrubbed biogas and raw biogas as a 

fuel are observed to be inferior as compared to their operation with petrol fuel. This is 

due to lower volumetric efficiency achieved with biogas [14, 18, 47, 52]. The lower 

S/B ratio allowed wider bowls that improve combustion process at high speed and load. 

Hence, emission levels in general, tend to decrease at lower L/D ratios [54,58,64,67]. 

 

 The HC emission reduced with high ignition voltage of 2 kV due to improved 

combustion [70,88]. A 90% reduction in HC, NOx emissions are found for high 

ignition voltage of 2 kV for piston T with a CR 7.8 for the S/B=0.9. Increase in 

compression ratio (CR) increases NOx, HC and CO emissions for both pistons A and 

T. Increase in CR results in a rise in the mass of unburned fuel in the crevices of the 

piston crown which increase the HC emission [16,17,70,100].  

 

 The NOx concentration in the exhaust rises due to faster combustion and higher 

temperatures with a decrease in the CO2 level in the biogas fuel [17,70]. The presence 

of CO2 in the biogas fuel lowered the NOx emissions and enables the compression ratio 

to be increased. The CO level increases with decrease in the amount of CO2 inducted at 

full and part throttle at high equivalence ratios [17,70]. 

 

The present work revealed that the Biogas engine having S/B= 0.9 with augmented voltage 

to offer optimal performance with least emissions. 

Biachi [62], assessed the influence of S/B ratio and combustion chamber design on engine 

performance and investigate the volumetric and thermal conversion efficiency for SI 

engine. High volumetric efficiencies at high engine speeds were obtained at low S/B ratios. 
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He noticed a performance improvement up to 4 % with reduced S/B ratio while an 

improvement in power by 2.9 % was witnessed with an increase in compression ratio by 

3.2 %. He concluded that, in order to achieve the highest possible gain from S/B reduction, 

an optimization of combustion chamber with particular emphasis on compression ratio is 

required. 

 

Adachi [63] optimized S/B ratio for Toyota, 4- cylinder, 1.8 L engine. They reported an 

improvement of 3.5 % in fuel economy at S/B= 0.9. They also concluded that the ratio of 

length of connecting rod to crank radius plays a vital role in engine performance. Larger 

length of connecting rod demands higher piston ring tension resulting in more frictional 

losses and hence resulting in reduced output if S/B is made much lower i.e. less than 0.9. 

Thus, the most optimal configuration would be S/B= 0.9 with LCR / R = 3.2. 

 

Qin [67], investigated the effect S/B ratio on the combustion performance of a lean burn 

heavy-duty gaseous SI engine. The S/B ratio was varied from 0.94 to 1.32 by changing the 

stroke length for a fixed bore and connecting rod length. The study concluded that the S/B 

ratio has a significant effect on turbulence intensity during the intake stroke and thus 

affects the in-cylinder peak pressure, heat release rates, power, and NOx emissions.  

 

Gardiner [44] experimentally compared the ignition voltage requirements of natural gas 

and gasoline in a Bi-Fuel passenger car. It was noticed that there is an overall higher 

voltage requirements with natural gas, with leaner mixtures at a given electrode 

temperature. Peak voltage requirements with natural gas were found to be consistently 

higher than with gasoline. Iyer [49], developed a dedicated CNG engine technology by 

increasing ignition voltage for a single cylinder 4 stroke cycle, 100 cc gasoline engine. The 

engine performances were improved by 10% in CNG itself by increasing the ignition 

voltage. 

 

Thus literature clearly reveals that optimum engine performance is achieved with S/B=0.9 

under augmented ignition voltage for SI engine. 
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Table 5.3 Comparative analysis of results for MOD Piston T at three stroke-to-bore 

(S/B) ratios (0.9, 1.0 and 1.1) and augmented ignition voltage 

 

Sr. 

No 

Parameter Fuel BASE 
PISTON C 
S/B 1.0  
CR 8.8:1  

MOD 
PISTON T 
S/B 1.0 
CR 7.8:1  

MOD 
PISTON T 
S/B 0.9  
CR 7.8:1  

MOD 
PISTON T 
S/B 0.9 HV 
CR 7.8:1  

MOD 
PISTON T 
S/B 1.1  
CR 7.8:1 

1. Peak 

Power 

(Watt) 

Petrol 1374 1570 1470  1564 2079  

Scr.BG 1322 1357 1363 1462 1871  

Raw BG 676 978 882 975 1178  

2. Maximum 

Thermal 

Efficiency 

(%) 

Petrol 28.26 31.86 30.52  31.8  32.18 

Scr.BG 27.53 28.48 29.68  30.43  31.58  

Raw BG 15.32 20.81 20.1  23.04  24.23  

3. Minimum 

BSFC 

(kg/kWh) 

Petrol 0.2769 0.2511 0.2621  0.2515  0.2486  

Scr.BG 0.2614 0.2528 0.2425  0.2366  0.2379  

Raw BG 0.4638 0.3762 0.3549 0.3273 0.2933 

4. Minimum 

BSEC 

(MJ/kWh) 

Petrol 12.74 11.55 12.06 11.57 11.44 

Scr.BG 13.09 12.66 12.13 11.83 11.40 

Raw BG 8.58 6.96 6.57 6.06 5.43 

 

Note :  

(i) H.H.V. of Scrubbed Biogas (CH4 93.8%): 50 MJ/kg ( Akshar Biotech Pvt.Ltd, Surat ) 

(ii) H.H.V. of Raw Biogas (CH4 56.6%): 18.5 MJ/Kg ( Akshar Biotech Pvt.Ltd, Surat ) 

(iii)H.H.V. of Petrol: 45.2 MJ/kg 
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5.5  Comparative analysis of the experimental results on the effects of methane 

content in Biogas on performance of the engine 

 

 As the load increases, brake power and brake thermal efficiency increases and 

BSFC and BSEC decreases relatively for all piston geometry and fuel.  

 

 The performance levels of the engine with all pistons with raw biogas as a fuel are 

observed to be inferior as compared to their operation with petrol fuel. This is due 

to lower volumetric efficiency achieved with raw biogas [17,68,69,70,71,72]. 

 

 The engine produces higher power outputs, higher thermal efficiency, improved 
BSFC and BSEC on scrubbed biogas compared to raw biogas for all identified 
pistons.  

 

 The performance levels of the engine with all pistons with raw biogas as a fuel are 

observed to be inferior as compared to their operation with scrubbed biogas fuel. 

This is due to presence of CO2 in the raw biogas [17,68,69,70,71,72]. 

 

 The engine performance degrades and BSFC of the engine increases with increase 

in CO2 dilution in biogas for all identified pistons. Reductions in the CO2 

concentration in biogas lead to faster combustion, which are responsible for the 

improvement in the thermal efficiency and power for biogas fuelled SI engine 

[17,68,69,70,71,72]. 

 

 The NOx concentration in the exhaust rises due to faster combustion and higher 

temperatures with a decrease in the CO2 level in the biogas fuel [17,70]. 

 

 The presence of CO2 in the biogas fuel lowered the NOx emissions and enables the 

compression ratio to be increased. The CO level increases with decrease in the 

amount of CO2 inducted at full and part throttle at high equivalence ratios [17,70]. 
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Huang et al [17], assessed simulated biogas formed from different mixtures of domestic 

natural gas and CO2 as fuel for a variable compression ratio single-cylinder SI engine. The 

results revealed that the presence of CO2 in the biogas fuel lowered the NOx emissions and 

enable the compression ratio to be increased. The main influence of CO2 in the biogas 

reduced cylinder pressures, engine power, and thermal efficiency while the level of UHC 

was increased. With the decrease in CO2 in the biogas mixture, the flame propagation rate 

is increased, leading to shorter combustion duration increased the brake power produced 

by the engine.  

 

Byun et al [68], numerically predicted the performance and emissions characteristics of a 

SI engine generator fuelled with various biogas compositions with varying CO2 

concentrations. It was noticed that with increasing CO2 content form biogas decreased the 

flame speed, HRR, cylinder temperature, and cylinder pressure. Incomplete combustion 

phenomena was found at 50% CO2 content in the leaner region at excess air ratio values 

above 1.6. 

 

Porpatham [70], investigated the effect of concentration of methane in biogas fuelled SI 

engine. The results suggested that reductions in the CO2 concentration in biogas lead to 

faster combustion, which are responsible for the improvement in the thermal efficiency and 

power. Removal of CO2 in biogas enhanced methane concentration in the biogas 

significantly improved the performance and reduces emissions of HC with lean mixtures.  

 

Chandra [71], investigated the performance results of a stationary diesel engine which was 

converted to SI engine mode and run on CNG, methane enriched biogas (Bio-CNG) and 

biogas. The results concluded that the power deteriorations of the engine was observed to 

be 35.6% and 46.3% on methane enriched biogas and raw biogas, respectively, compared 

to diesel as original fuel due to its conversion from CI to SI mode.  

 

The methane enriched biogas showed almost similar engine performance as compared to 

CNG in terms of brake power output, specific gas consumption and thermal efficiency. 

The BSGC rate of engine was found to be less for methane enriched biogas than raw 
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biogas because methane enriched biogas has higher percentage of methane which improves 

the heating.  

 

Karagoz [72], studied the effect of the CO2 ratio in biogas on the vibration and 

performance of an SI engine. The results found that by reducing the CO2 ratio and 

increasing the engine load, cylinder pressure increased and BSFC decreased for biogas 

fuelled SI engine.The present work highlights the Biogas engine performance degrades and 

BSFC of the engine increases with increase in CO2 dilution in biogas. Removal of CO2 in 

biogas enhanced methane concentration in the biogas significantly improved the 

performance and reduces the engine HC emission.  

 

Note: Summary of results for Piston A, C, T, MOD Piston A and MOD Piston T on 

gasoline, scrubbed biogas and raw biogas is shown in Table 5.2. 
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5.6  Summary of results of the experimental work 

 

The research work highlights that significant enhancement in performance is achieved with 

S/B=0.9 under augmented ignition voltage of 2kV for Biogas fuelled SI engine. The study 

concluded that a lower S/B ratio with augmented voltage enables the flame front to reach 

the end charge at a faster rate as the distance of flame travel is reduced, thereby 

augmenting the combustion [31,46,47,51,54,55,70,71]. Also, better turbulence due to twin 

cleavage piston crown geometry [34,35,36,37,40,43,49], higher compression ratio 

[22,23,24,31,37,49], augmented ignition voltage [31,46,47,49,51,54,55,70,71], a lower S/B 

ratio [54,62,63,65], and reductions in the CO2 concentration in biogas [17,68,69,70,71,72] 

all together leads to an increase in peak pressure and faster combustion which results in 

better engine performance and reduces the engine emissions for biogas fuelled SI engine.  
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CHAPTER 6 

 

ACHIEVEMENTS WITH RESPECT TO 

OBJECTIVES 
 

6.1 Introduction 

 

The experimentation is carried out in a phased wise manner by trying to improve upon the 

performances and develop the Biogas engine technology.  A single cylinder, 100 cc, 4 

stroke SI engine is converted to Biogas and is experimentally investigated at various 

combinations of crown geometries to estimate the optimal piston, the influence of 

compression ratio, ignition voltage, stroke to bore ratios and effects of methane 

concentration in biogas fuel on engine performance have been experimentally evaluated 

and compared among gasoline, scrubbed biogas and raw biogas. 

The summary of the results obtained and achievements with respect to objectives from the 

experimental setup are discussed below: 

 

6.2 Achievements with respect to influence of piston crown geometry 
 
 

 The comparative results of all the 3 three pistons (Piston A S/B 1.0, BASE Piston C 

S/B 1.0 and Piston T S/B 1.0) the BASE Piston C performs the best, in terms of, 

power, specific fuel consumption and efficiency for all the fuel. This is due to 

compression ratio and optimum combustion chamber design. Any, change in 

combustion chamber and compression ratio results into performance deterioration 

[36,40,43,49, 78, 82,85,98,99]. 

 Due to low volumetric efficiency of scrubbed biogas/ raw biogas the performance 

levels with all three pistons (Piston A S/B 1.0, BASE Piston C S/B 1.0  and Piston 

T S/B 1.0) are observed to be poor as compared with petrol 

[16,69,71,73,74,75,76,88].  
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 The performance levels for scrubbed biogas fuel with all three pistons (Piston A 

S/B 1.0, BASE Piston C S/B 1.0 and Piston T S/B 1.0) are observed to be superior 

as compared with raw biogas due to reductions in the CO2 concentration, hence 

lead to faster combustion, which are responsible for the improvement in the thermal 

efficiency, power and BSFC. [17,68,69,70,71,72].  

 

 At S/B=1.0 Piston A and Piston T was found to deliver poor performance 

compared to base Piston C. The deterioration in results for Piston A and Piston T 

were due to low compression ratio (CR) of 6.6:1 and 6.2:1 respectively against CR 

of 8.8:1 for base Piston C [15,16,17, 20,22,23,24]. However, Piston A and Piston T 

owing to its squish generating shape due to higher cleavage on its crown were 

found deliver better to better performance with improved compression ratio [22-

24,31,34-37,40,43]. 

 

 The performance levels for scrubbed biogas fuel with all three pistons (Piston A 

S/B 1.0, BASE Piston C S/B 1.0  and Piston T S/B 1.0) are observed to be superior 

as compared with raw biogas due to reductions in the CO2 concentration, hence 

leading to faster combustion, which are responsible for the improvement in the 

thermal efficiency, power and BSFC. [17,68,69,70,71,72]. 

 

 The HC emission levels with Scrubbed Biogas in general are observed to be lower 

as compared to petrol and raw biogas for all piston configurations which is quite in 

tune with the published literature [16,17,70,100]. The present high proportion of 

CO2 in the fuel mixture of biogas reduces the NOx emissions and hence reduction 

in NOx is found in raw biogas compared to scrubbed biogas. Removal of CO2 in 

biogas results in enriched biogas that leads to faster combustion and which reduces 

hydro carbon (HC) emissions [16,17,70,100]. 

 

 Emissions with the BASE Piston C is least for all fuels, compared to other pistons. 

This is due to optimum combustion chamber design with original piston and any 
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change in combustion chamber and compression ratio results into performance 

deterioration [36,40,43,49, 78, 82,85,98,99]. 

 

6.3 Achievements with respect to influence of piston crown geometry and 

compression ratio 

 

 Increasing compression ratio for MOD Piston A S/B 1.0 from 6.6:1 to 7.5:1 has 

resulted into an improvement in the peak power, thermal efficiency and BSFC by 

36.50%, 18.58 % and 17.85 % respectively, as compared to Piston A S/B 1.0 with 

its original configuration. 

 

 Increasing compression ratio for MOD Piston T S/B 1.0 from 6.2:1 to 7.8:1 has 

resulted into an improvement in the peak power, thermal efficiency and BSFC by 

50.0 %, 37.81 % and 23.55 % respectively, as compared to Piston T S/B 1.0 with 

its original configuration. 

 

 Inspite of the fact that the compression ratio of the engine with BASE Piston C is 

8.8:1 and with MOD Piston T is 7.8:1 which is lower than base Piston C, the MOD 

Piston T S/B 1.0 showed an improved performance in terms of brake thermal 

efficiency, BSFC and power characteristics.  

 

 Engine with MOD Piston T S/B 1.0 when run on scrubbed biogas mode was able to 

develop equivalent power compared to gasoline under all loading conditions. This 

may be attributed to simultaneous influence of better turbulence resulting due to 

piston crown geometry [34,35,36,37,40,43] and increase in compression ratio 

[22,23,24,31,37]. 

 

 The results obtained with improved CR of 7.8:1 for MOD Piston T S/B 1.0 are 

observed to be highest as compared to Piston A and C (S/B 1.0). The impovement 

is due to better turbulence inside the combustion chamber owing to piston crown 

geometry and increase in compression ratio. [22-24, 31,34-37,40,43]. The 

maximum power produced by BASE piston C on petrol is 1375 Watt and 676 Watt 
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on raw biogas, so the de-ration of the engine on raw biogas for BASE piston C 

which was 51% has reduced to 37.6% for MOD Piston T S/B 1.0 and 39.8% for 

MOD Piston A S/B 1.0 respectively. So there is 13.4% reduction of de-ration for 

MOD Piston T S/B 1.0 compared with base Piston C for raw biogas. 

 
 Maximum power produced by MOD Piston T S/B 1.0 on petrol is 1571 Watt and 

979 Watt on raw biogas as fuel which is 31% more than BASE Piston C on raw 

biogas. Maximum power produced by MOD Piston A on petrol is 1478 Watt and 

890 Watt on raw biogas as fuel which is 24% more than BASE Piston C on raw 

biogas. 

 

 The minimum BSFC achieved with MOD Piston T 1.0 for raw biogas is 0.3762 

kg/kW-h, which has 18.88% lower than that of BASE Piston C. The minimum 

BSFC obtained with MOD Piston A 1.0 for raw biogas is 0.3939 kg/kW-h and 

which has 15.07% lower than that of BASE Piston C. 

 

 The minimum BSEC achieved with MOD Piston T 1.0 for Raw biogas is 14.91 

MJ/kW-hr, which has improved by 26.84% compare to BASE Piston C. The 

minimum BSEC obtained with MOD  Piston A for raw biogas is 17.18 MJ/kW-h, 

which has improved by 15.70% compare to BASE Piston C. 

 

 Enriched biogas reduces HC emissions for all combination of piston as compared to 

petrol and raw biogas [16,17,70,100]. The presence of high proportion of CO2 in 

the fuel mixture of raw biogas reduces the NOx emissions and removal of CO2 in 

biogas results in enriched biogas that leads to faster combustion and which reduces 

hydro carbon (HC) emissions [16,17,70,100]. Increase in CR has led to reduction in 

CO2 with Scrubbed Biogas and Raw Biogas as a fuel for MOD Piston T. Similarly, 

compare to other piston geometry HC emissions are relatively low for Piston T for 

all fuel. The NOx emission is low with Raw Biogas as fuel due to high proportion 

of CO2 [16,17,70,100]. 
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 The study concludes that proper selection of piston geometry and increase in 

compression ratio for large crevices piston increases the performance of biogas 

fueled SI engine. [22-24, 31, 34-37, 40-43]. 

 
6.4 Achievements with respect to influence of stroke-to-bore (S/B) ratios and ignition 

voltage requirement 

 

 The power of the engine enhanced with reduced S/B=0.9 on biogas fuelled small SI 

engine. The significant enhancement in performance was achieved with MOD 

Piston T S/B=0.9 having augmented ignition voltage in 88 CC engine. This engine 

configuration delivered more peak power with respect to any other configuration 

which is noticed from Figure 4.40 and Table 4.3. This output is obtained due to the 

turbulence created by MOD Piston T because of twin cleavage geometry 

[34,35,36,37,40,43].  

 

 Further, augmented compression ratio [22-24,31,34-37,40,43] with in controlled 

limits and higher ignition voltage by 2kV enhanced the flame speed and improve 

combustion [31,46,47,49,51,54,55,70,71]. Hence, the engine configuration with 

S/B=0.9 is actually an 88 cc engine having high ignition voltage delivers the 

performance comparable to the 108 cc engine of S/B=1.1. 

 

 A lower S/B ratio of 0.9 increases the volumetric efficiency and the mechanical 

efficiency [62,65] and offers a more compact combustion chamber and the 

combined effect of all these parameters assisted by augmented voltage which 

reduces the effective flame length leads to an improved combustion characteristics 

[31,46,47,49,51,54,55, 70,71] and hence delivering a better performance as 

compared to any engine configuration. 

 

 The results obtained with S/B=1.1 was found the best among all combination 

because it is 108 cc engine. On gasoline with S/B=1.1 the engine produced power 

of 2079Watt and on raw biogas 1178Watt, so de-ration of the engine is 43% on raw 

biogas. The maximum brake thermal efficiency achieved with S/B=1.1 for raw 
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biogas is 24.23% and for the base Piston C S/B=1.0 it is 15.32%, which is 8.91% 

higher compare to base Piston C. 

 The engine with S/B =0.9 is 88 CC engine, it produced power of 1470Watt on 

petrol and 882 Watt on raw biogas, so de-ration of the engine is 40%. The 

maximum brake thermal efficiency achieved with S/B=0.9 for raw biogas is 

20.10% and for the base Piston C S/B=1.0 it is 15.32% , which is 4.78% higher 

compare to base Piston C. 

 

 The engine with base Piston C S/B=1.0 produced power of 1374Watt on petrol and 

676 Watt on raw biogas, so its de-ration is 50.80% on raw biogas. The engine with 

S/B=0.9 having high ignition voltage produced power of 1564Watt on petrol and 

975 Watt on raw biogas, so its de-ration is 37% on raw biogas, thereby reducing the 

de-ration to 13.8% compared to base Piston C. The maximum brake thermal 

efficiency achieved with S/B=0.9 having high ignition voltage for raw biogas is 

23.04% and for the base Piston C S/B=1.0 is 15.32% , which is 7.72% higher 

compare to base Piston C. 

 

 The minimum BSFC achieved with S/B=0.9 having high ignition voltage for raw 

biogas is 0.3273 kg/kW-h and with base Piston C is 0.4638 kg/kW-h, which is 

29.43% lower than that of base Piston C S/B 1.0. The minimum BSFC obtained 

with S/B = 0.9 for raw biogas is 0.3549 kg/kW-h and and with base Piston C is 

0.4638 kg/kW-h, which is 23.47%  lower than that of base Piston C S/B 1.0. The 

minimum BSFC achieved with S/B=1.1 for Raw biogas is 0.2933 kg/kW-h. 

 

 The BSEC achieved with S/B =1.1 for Raw biogas is 5.43  MJ/kWh and with base 

Piston C is 8.58 MJ/kWh , which is 36.71%  less than that of base Piston C S/B 1.0. 

The BSEC achieved with S/B = 0.9 having high ignition voltage for Raw biogas is 

6.06 MJ/kWh,  and with base Piston C is 8.58 MJ/kWh , which is 29.37 % lower 

than that of base Piston C S/B 1.0.  

 

 The performance levels with all S/B ratios with scrubbed biogas and raw biogas as 

a fuel are observed to be inferior as compared to their operation with petrol fuel. 
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This is due to lower volumetric efficiency achieved with biogas [14,18,47,52]. The 

lower S/B ratio allowed wider bowls that improve combustion process at high 

speed and load. Hence, emission levels in general, tend to decrease at lower L/D 

ratios [54,58,64,67]. 

 

6.5 Achievements with respect to effects of methane content in Biogas on performance 

of the engine 

 

 The performance levels of the engine with all pistons configuration with raw biogas 

as a fuel are observed to be inferior as compared to their operation with petrol fuel. 

This is due to lower volumetric efficiency achieved with raw biogas 

[17,68,69,70,71,72]. 

 

 The engine produces higher power outputs, higher thermal efficiency, improved 

BSFC and BSEC on scrubbed biogas compare to raw biogas for all identified 

pistons. The performance levels of the engine with all pistons with raw biogas as a 

fuel are observed to be inferior as compared to their operation with scrubbed biogas 

fuel. This is due to presence of CO2 in the raw biogas [17,68,69,70,71,72]. 

 

 The engine performance degrades and BSFC of the engine increases with increase 

in CO2 dilution in biogas for all identified pistons and configuration. Reductions in 

the CO2 concentration in biogas lead to faster combustion, which are responsible 

for the improvement in the thermal efficiency and power for biogas fuelled SI 

engine [17,68,69,70,71,72]. 

 

 The NOx concentration in the exhaust rises due to faster combustion and higher 

temperatures with a decrease in the CO2 level in the biogas fuel [17,70]. The 

presence of CO2 in the biogas fuel lowered the NOx emissions and enables the 

compression ratio to be increased. The CO level increases with decrease in the 

amount of CO2 inducted at full and part throttle at high equivalence ratios [17,70]. 
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6.6  Findings of the research work 

 

The present research work found that the twin cleavage piston crown geometry, lower 

stroke to bore ratio, and augmented ignition voltage has improved the performances for 

Biogas fuelled SI engine. The work also highlights that significant enhancement in 

performance is achieved with S/B=0.9 under augmented ignition voltage of 2kV. The study 

concluded that a lower S/B ratio with augmented voltage enables the flame front to reach 

the end charge at a faster rate as the distance of flame travel is reduced, thereby 

augmenting the combustion [31,46,47,51,54,55,70,71]. Also, better turbulence due to twin 

cleavage piston crown geometry [34,35,36,37,40,43,49], higher compression ratio 

[22,23,24,31,37,49], augmented ignition voltage [31,46,47,49,51,54,55,70,71], a lower S/B 

ratio [54,62,63,65], and reductions in the CO2 concentration in biogas [17,68,69,70,71,72] 

all together leads to an increase in peak pressure and faster combustion which results in 

better engine performance and reduces the engine emissions for biogas fuelled SI engine.  

 

Thus, the present work authenticates the significance of piston crown geometry, 

compression ratio, lower stroke to bore ratio and augmented ignition voltage as a pathway 

to develop a dedicated raw biogas engine technology which can be used in S.I. mode for 

two wheeler sector and stationary application. 

 

 

 

 



Outcome and Future Scope 
 

 
 

229 
 

 

CHAPTER 7 

 

OUTCOME AND FUTURE SCOPE 
 

7.1 Outcome  

 

Based on the extensive experimental investigations on a small 98cc, single-cylinder, four 

stroke cycle gasoline engine which is optimized to run on scrubbed biogas (CH4 93.8%) 

and raw biogas (CH4 56.6%) with successive modifications of piston crown geometry, 

compression ratio, stroke-to-bore (S/B) ratio and augmented ignition voltage of 2 kV. The 

research work has suggested that with a piston change in crown geometry, increase in 

compression ratio, reduction in S/B ratio, reductions in the CO2 concentration in raw 

biogas and augmented ignition voltage can develop the dedicated biogas engine 

technology. The present research has been conducted to develops the biogas engine 

technology in the range of 80-120 cc by exploring the various strategies like the 

compression ratio in a close range of 8:1, larger cleavage on piston crown geometry, lower 

stroke-to-bore (S/B=0.9) with high ignition voltage of 2 kV. A final configuration of twin 

cleavage on piston crown geometry with ratio of cleavage volume to total clearance 

volume as 7 – 11 % with larger cleavage sharing 4 – 7 % and the smaller to share 3 – 4 % 

both located at 180° phase difference with their axis intersecting the piston at right angles, 

S/B= 0.9 having compression ratio 7.8:1 and higher ignition voltage of 2 kV yields better 

performance and low emissions with the least de-ration(37%) compared to base 100 cc 

engine deemed as a dedicated raw biogas engine technology which can be used in S.I. 

mode for mobile and stationary application. 

Hence, the present research work developed the dedicated biogas engine technology in 

the range of 80-120 cc which yields better performance and low emissions with the least 

de-rating (37%) can be decided as a dedicated raw biogas engine technology which can be 

used in S.I. mode for two wheeler sector and stationery application in remote rural 

electrification which is still not connected to grid line or have a limited access. 
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7.2 Future scope 

 

The present work has proved that minor changes in the engine configuration viz. the piston 

geometry, improved compression ratio, lowering stroke-to-bore (S/B=0.9) with augmented 

ignition voltage of 2 kV in the single cylinder, four stroke, SI engine can be deemed as a 

dedicated raw biogas engine technology which can be used for mobile sector and 

stationary applications. However, in order to check the repeatability in performance there 

are some good points that stretch this work as the scope of future work. The summaries for 

future scope of this work are as follows:  

 

 Mount the engine on chassis and check for the On-Road performance using MOD 

Piston T with augmented ignition voltage to check for repeatability in performance. 

 

 The effect of lower S/B= 0.8 and higher S/B= 1.2 on Biogas engine performance 

can also be investigated. 

 

 Study the effect of higher compression ratio (upto HUCR) for SI engines. 

 

 Study the effect of ignition timing and multiple ignition system on performance. 

 

 Also optimal configuration of multi cylinder Biogas engine can be investigated to 

check for repeatability in performance. The influence of multiple ignitions can be 

investigated.  

 
 Literature suggests an ignition spark advance and high ignition voltage 

[31,46,47,49,51,54,55,70,71] in Biogas engines is desired. However, in the present 

engine, augmented ignition voltage has been already investigated. 
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Piston A S/B=1.0 

 

Table A1. BASE Piston A, S/B=1.0, Compression ratio 6.6 ( Petrol ),   

Speed= 3000 rpm. 

 

Brake 

Power 

(Watt) 

V 

(Volts) 

I(Amps) ƞth 

(%) 

BSFC 

(kg/kWh) 

BSEC 

(MJ/kWh) 

CO 

(vol%) 

HC    

ppm 

CO2 

(vol%) 

O2   

(vol%) 

NOx 

ppm 

∆P/P 

(%) 

70 234 0.3 5.05 1.584 71.280 4.41 410 5.8 10.11 65 2.53 
187 234 0.8 8.14 0.983 44.234 4.31 401 5.92 10.14 78 3.37 
281 234 1.2 9.87 0.811 36.474 4.39 382 6.51 9.9 81 3.37 
373 233 1.6 10.97 0.729 32.826 4.40 260 7.24 8.39 89 3.36 
483 230 2.1 13.56 0.590 26.540 5.17 152 7.33 7.12 93 3.48 
580 232 2.5 15.93 0.502 22.598 6.48 222 8.12 5.61 108 3.49 
679 234 2.9 18.38 0.435 19.582 4.41 199 9.32 5.41 133 3.50 
772 234 3.3 20.55 0.389 17.520 3.41 205 10.2 5.16 162 3.48 
866 234 3.7 21.30 0.376 16.902 3.38 188 10.4 5.12 155 3.47 
959 234 4.1 23.09 0.347 15.593 3.31 179 10.51 5.11 159 3.46 

1067 232 4.6 24.76 0.323 14.538 3.29 178 10.54 4.92 168 3.50 
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BASE Piston C S/B=1.0 

 

Table A2. BASE Piston C, S/B=1.0, Compression ratio 8.8 ( Petrol ) ,  

Speed=3000 rpm. 

 

Brake 

Power 

(Watt) 

V 

(Volts) 

I(Amp

s) 

ƞth 

(%) 

BSFC 

(kg/kWh) 

BSEC 

(MJ/kWh) 

CO 

(vol%) 

HC    

ppm 

CO2 

(vol%) 

O2   

(vol%) 

NOx 

ppm 

∆P/P 

(%) 

70 232 0.3 6.56 1.192 53.652 3.94 198 5.88 10.32 92 2.51 
163 233 0.7 10.73 0.729 32.826 6.21 188 6.32 10.21 108 2.94 
280 233 1.2 12.70 0.616 27.720 5.76 176 6.44 9.88 120 3.36 
373 233 1.6 15.81 0.495 22.275 4.33 171 7.3 9.32 139 3.36 
489 233 2.1 16.59 0.472 21.232 4.11 163 8.33 9.29 145 3.53 
580 232 2.5 18.21 0.430 19.340 3.37 143 10.59 8.21 121 3.49 
676 233 2.9 20.26 0.386 17.385 2.47 171 11.24 7.25 131 3.48 
789 232 3.4 22.36 0.350 15.750 3.1 149 11.42 6.67 139 3.56 
862 233 3.7 23.12 0.338 15.231 2.12 132 11.5 6.31 151 3.45 
974 232 4.2 24.56 0.319 14.338 1.67 145 11.87 5.92 188 3.51 

1072 233 4.6 25.78 0.304 13.663 1.32 124 12.76 5.4 213 3.51 
1160 232 5 26.26 0.298 13.413 1.88 128 12.86 5.33 201 3.49 
1258 233 5.4 27.34 0.286 12.880 1.52 122 12.9 5.3 211 3.49 
1375 233 5.9 28.26 0.277 12.462 1.32 120 12.88 5.29 238 3.54 
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Piston T S/B=1.0 

 

Table A3. Piston T, S/B=1.0, Compression ratio 6.2 ( Petrol ) , Speed=3000 rpm. 

 

Brake 

Power 

(Watt) 

V 

(Volts) 

I(Amps) ƞth 

(%) 

BSFC 

(kg/kWh) 

BSEC 

(MJ/kWh) 

CO 

(vol%) 

HC    

ppm 

CO2 

(vol%) 

O2   

(vol%) 

NOx 

ppm 

∆P/P 

(%) 

47 233 0.2 4.91 1.631 73.376 3.37 394 9.5 9.44 62 1.68 
186 233 0.8 7.85 1.019 45.860 3.12 388 9.55 9.42 40 3.36 
255 232 1.1 9.44 0.848 38.147 3.44 362 11.95 6.84 78 3.07 
350 233 1.5 10.39 0.770 34.650 3.12 275 11.44 7.9 88 3.15 
487 232 2.1 12.84 0.623 28.031 3.21 205 11.65 7.65 89 3.51 
559 233 2.4 15.06 0.531 23.897 2.34 180 13.98 4.38 102 3.36 
676 233 2.9 17.37 0.460 20.721 2.45 165 12.98 5.87 90 3.48 
749 234 3.2 19.62 0.408 18.344 2.19 168 12.88 5.8 95 3.37 
862 233 3.7 20.00 0.400 18.000 2.15 155 12.92 5.7 111 3.45 
928 232 4 22.22 0.360 16.200 2.12 152 13.25 5.6 98 3.35 

1049 233 4.5 23.17 0.345 15.534 2.11 149 13.21 5.44 143 3.44 
1137 232 4.9 24.24 0.330 14.850 2.21 150 13.1 5.33 154 3.42 

 



Appendix- A 
 

 
 

236 
 

 

 

 

MOD Piston A S/B=1.0 

 

Table A4. MOD Piston A, S/B=1.0, Compression ratio 7.5 ( Petrol ),   

Speed= 3000 rpm. 

 

Brake 

Power 

(Watt) 

V 

(Volts) 

I(Amps) ƞth 

(%) 

BSFC 

(kg/kWh) 

BSEC 

(MJ/kWh) 

CO 

(vol%) 

HC    

ppm 

CO2 

(vol%) 

O2   

(vol%) 

NOx 

ppm 

∆P/P 

(%) 

47 233 0.2 5.95 1.346 60.553 0.61 307 6.11 10.1 28 1.68 
163 233 0.7 10.04 0.797 35.845 0.67 288 6.21 9.92 35 2.94 
257 234 1.1 13.77 0.581 26.151 0.56 278 6.42 9.88 61 3.09 
371 232 1.6 15.93 0.502 22.598 0.41 271 7.21 9.21 72 3.35 
441 232 1.9 16.16 0.495 22.275 0.51 261 7.49 9.18 81 3.18 
580 232 2.5 18.53 0.432 19.430 0.76 288 7.9 8.88 80 3.49 
676 233 2.9 21.41 0.374 16.811 0.34 292 8.2 8.4 93 3.48 
769 233 3.3 22.16 0.361 16.242 0.37 268 8.3 8.3 104 3.47 
882 232 3.8 23.64 0.338 15.231 0.29 260 8.4 7.22 122 3.53 
974 232 4.2 23.95 0.334 15.029 0.43 251 9.11 6.88 141 3.51 

1063 231 4.6 25.40 0.315 14.175 0.21 243 9.23 6.22 378 3.48 
1142 233 4.9 25.28 0.316 14.240 0.26 239 9.5 5.94 388 3.43 
1271 231 5.5 26.64 0.300 13.515 0.19 227 10.11 5.33 408 3.52 
1369 232 5.9 27.47 0.291 13.103 0.16 218 10.33 5.3 431 3.53 
1478 231 6.4 28.14 0.284 12.794 0.12 208 10.42 5.25 441 3.55 
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MOD Piston T S/B=1.0 

 

Table A5. MOD Piston T, S/B=1.0, Compression ratio 7.8 (Petrol ),  Speed= 3000 

rpm. 

 

Brake 

Power 

(Watt) 

V 

(Volts) 

I(Amps) ƞth 

(%) 

BSFC 

(kg/kWh) 

BSEC 

(MJ/kWh) 

CO 

(vol%) 

HC    

ppm 

CO2 

(vol%) 

O2   

(vol%) 

NOx 

ppm 

∆P/P 

(%) 

70 233 0.3 6.64 1.205 54.235 0.97 295 5.9 10.92 78 2.52 
186 232 0.8 12.41 0.645 29.009 0.87 285 6.3 9.23 93 3.35 
255 232 1.1 15.58 0.513 23.100 0.76 265 6.4 8.12 110 3.07 
345 230 1.5 17.32 0.462 20.790 0.68 262 6.2 8.21 88 3.11 
466 233 2 18.76 0.426 19.191 0.76 241 6.9 7.63 105 3.36 
557 232 2.4 19.91 0.402 18.078 0.61 239 6.8 7.45 125 3.35 
650 232 2.8 21.41 0.374 16.811 0.56 251 7.1 7.32 138 3.35 
769 233 3.3 23.09 0.347 15.593 0.42 281 7.3 7.21 108 3.47 
858 232 3.7 23.64 0.338 15.231 0.32 231 7.2 6.72 150 3.44 
974 232 4.2 24.82 0.322 14.505 0.41 225 7.5 6.52 188 3.51 

1072 233 4.6 26.03 0.307 13.829 0.21 228 7.6 6.15 205 3.51 
1160 232 5 27.71 0.289 12.994 0.29 221 7.9 5.92 244 3.49 
1265 230 5.5 29.64 0.270 12.146 0.27 228 8.3 5.76 288 3.51 
1375 233 5.9 29.90 0.268 12.041 0.21 219 8.8 5.48 301 3.54 
1455 231 6.3 30.74 0.260 11.713 0.14 217 8.7 5.34 318 3.50 
1571 231 6.8 31.86 0.251 11.299 0.18 219 8.8 5.24 328 3.54 
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MOD Piston T S/B=0.9 

 

Table A6. MOD Piston T, S/B=0.9, Compression ratio=7.8 (Petrol ),  

 Speed= 3000 rpm. 

 

Brake 

Power 

(Watt) 

V 

(Volts) 

I(Amps) ƞth 

(%) 

BSFC 

(kg/kWh) 

BSEC 

(MJ/kWh) 

CO 

(vol%) 

HC    

ppm 

CO2 

(vol%) 

O2   

(vol%) 

NOx 

ppm 

∆P/P 

(%) 

47 233 0.2 6.12 1.308 58.840 -- -- -- -- -- 1.68 
163 233 0.7 11.26 0.711 31.985 -- -- -- -- -- 2.94 
278 232 1.2 14.72 0.544 24.459 -- -- -- -- -- 3.35 
371 232 1.6 16.74 0.478 21.507 -- -- -- -- -- 3.35 
489 233 2.1 17.60 0.454 20.449 -- -- -- -- -- 3.53 
583 233 2.5 19.22 0.416 18.730 -- -- -- -- -- 3.50 
676 233 2.9 21.52 0.372 16.732 -- -- -- -- -- 3.48 
769 233 3.3 22.86 0.350 15.750 -- -- -- -- -- 3.47 
882 232 3.8 23.90 0.335 15.065 -- -- -- -- -- 3.53 
974 232 4.2 25.11 0.319 14.338 -- -- -- -- -- 3.51 

1067 232 4.6 26.35 0.304 13.663 -- -- -- -- -- 3.50 
1160 232 5 27.53 0.291 13.075 -- -- -- -- -- 3.49 
1271 231 5.5 28.89 0.277 12.462 -- -- -- -- -- 3.52 
1363 231 5.9 29.70 0.269 12.122 -- -- -- -- -- 3.51 
1468 233 6.3 30.52 0.262 11.796 -- -- -- -- -- 3.53 
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MOD Piston T S/B=0.9 HV 

 

Table A7. MOD Piston T S/B=0.9, High ignition voltage 2 kV, Compression ratio= 7.8 

(Petrol), Speed= 3000 rpm. 

 

Brake 

Power 

(Watt) 

V 

(Volts) 

I(Amps) ƞth 

(%) 

BSFC 

(kg/kWh) 

BSEC 

(MJ/kWh) 

CO 

(vol%) 

HC    

ppm 

CO2 

(vol%) 

O2   

(vol%) 

NOx 

ppm 

∆P/P 

(%) 

70 233 0.3 6.20 1.289 58.019 4.27 48 5.23 10.21 54 2.52 
186 233 0.8 12.12 0.660 29.700 4.42 47 6.23 10.23 65 3.36 
280 233 1.2 15.15 0.528 23.760 3.88 51 6.26 9.88 78 3.36 
374 234 1.6 17.09 0.468 21.071 3.78 29 6.38 9.65 67 3.37 
489 233 2.1 18.18 0.440 19.800 3.89 35 5.93 10.21 84 3.53 
585 234 2.5 19.57 0.409 18.398 4.66 30 6.72 9.88 76 3.52 
676 233 2.9 21.62 0.370 16.654 4.31 38 7.32 9.22 89 3.48 
769 233 3.3 23.09 0.347 15.593 4.33 37 8.26 9.39 94 3.47 
885 233 3.8 24.16 0.331 14.903 4.11 43 9.21 8.32 96 3.55 
974 232 4.2 25.40 0.315 14.175 3.91 35 10.33 7.52 101 3.51 

1067 232 4.6 26.67 0.300 13.500 3.33 33 10.12 6.72 88 3.50 
1183 232 5.1 27.88 0.287 12.913 3.10 31 11.34 6.38 96 3.56 
1276 232 5.5 29.45 0.272 12.223 2.47 39 11.45 5.95 104 3.54 
1369 232 5.9 30.10 0.266 11.960 2.31 41 12.45 5.6 103 3.53 
1485 232 6.4 30.09 0.266 11.965 2.21 35 12.56 5.42 107 3.57 
1564 230 6.8 31.80 0.252 11.319 2.11 30 12.9 5.28 109 4.57 
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MOD Piston T S/B=1.1 

 

Table A8. MOD Piston T S/B=1.1, Compression ratio=7.8 (Petrol), Speed= 3000 rpm. 

 

Brake 

Power 

(Watt) 

V 

(Volts) 

I(Amps) ƞth 

(%) 

BSFC 

(kg/kWh) 

BSEC 

(MJ/kWh) 

CO 

(vol%) 

HC    

ppm 

CO2 

(vol%) 

O2   

(vol%) 

NOx 

ppm 

∆P/P 

(%) 

47 233 0.2 6.41 1.24865 0.80087 4.70 421 5.50 10.6 40 1.68 
163 233 0.7 12.47 0.64167 1.55844 4.86 411 6.55 10.6 28 2.94 
278 232 1.2 15.58 0.51333 1.94805 4.27 380 6.59 10.2 48 3.35 
371 232 1.6 17.55 0.45592 2.19336 4.16 301 6.71 10.0 88 3.35 
489 233 2.1 18.76 0.42646 2.34488 4.28 250 6.24 10.6 63 3.53 
583 233 2.5 20.09 0.39828 2.51082 5.13 245 7.07 10.2 88 3.5 
676 233 2.9 21.62 0.37009 2.70202 4.74 230 7.21 9.5 98 3.48 
769 233 3.3 23.32 0.34307 2.91486 4.76 235 7.32 9.7 127 3.47 
882 232 3.8 24.68 0.32421 3.08442 4.52 221 7.44 8.6 107 3.53 
974 232 4.2 25.97 0.308 3.24675 4.30 200 8.12 7.8 149 3.51 

1067 232 4.6 26.98 0.29647 3.37302 3.66 214 8.33 6.9 160 3.5 
1160 232 5 28.40 0.28171 3.54978 3.41 233 8.45 6.6 210 3.49 
1271 231 5.5 29.83 0.26821 3.72835 2.72 178 9.31 6.2 192 3.52 
1363 231 5.9 29.90 0.26757 3.73737 2.54 188 9.41 5.8 202 3.51 
1468 233 6.3 30.52 0.26213 3.81494 2.43 168 10.31 5.6 255 3.53 
1578 232 6.8 31.40 0.25478 3.92496 2.32 178 10.87 5.5 288 3.56 
1670 232 7.2 31.65 0.2528 3.95563 3.86 164 10.65 4.6 261 3.54 
1771 230 7.7 31.79 0.25163 3.97403 -- -- -- -- -- 3.55 
1871 231 8.1 32.02 0.24982 4.00289 -- -- -- -- -- 3.55 
1972 232 8.5 32.15 0.24883 4.01876 -- -- -- -- -- 3.56 
2079 231 9 32.18 0.24859 4.02273 -- -- -- -- -- 3.57 
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TABULATION OF RESULTS FOR TESTS 

CONDUCTED ON SCRUBBED BIOGAS  

(TABLE A9-A16)
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Piston A S/B=1.0 

 

Table A9. BASE Piston A, S/B=1.0, Compression ratio 6.6 (Scrubbed Biogas),   

Speed= 3000 rpm. 

 

Brake 

Power 

(Watt) 

V 

(Volts) 

I(Amps) ƞth 

(%) 

BSFC 

(kg/kWh) 

BSEC 

(MJ/kWh) 

CO 

(vol%) 

HC    

ppm 

CO2 

(vol%) 

O2   

(vol%) 

NOx 

ppm 

∆P/P 

(%) 

70 232 0.3 2.52 2.853 142.671 0.13 81 4.44 9.12 88 2.51 
186 232 0.8 6.06 1.189 59.446 0.12 75 4.61 9.88 71 3.35 
278 232 1.2 7.57 0.951 47.557 0.11 63 4.98 9.76 82 3.35 
394 232 1.7 10.53 0.684 34.182 0.10 58 4.76 9.88 91 3.56 
441 232 1.9 13.17 0.547 27.345 0.1 61 5.13 10.99 97 3.18 
580 232 2.5 15.80 0.456 22.788 0.08 52 5.04 9.46 79 3.49 
673 232 2.9 17.66 0.408 20.382 0.06 41 5.44 7.74 117 3.47 
769 233 3.3 18.63 0.386 19.320 0.07 52 7.06 6.93 139 3.47 
862 233 3.7 20.96 0.343 17.173 0.05 40 7.18 6.76 131 3.45 
955 233 4.1 21.63 0.333 16.645 0.05 39 7.22 6.62 144 3.44 

1072 233 4.6 22.20 0.324 16.213 0.06 38 7.25 6.52 151 3.51 
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BASE Piston C S/B=1.0 

 

Table A10. BASE Piston C, S/B=1.0, Compression ratio 8.8 (Scrubbed Biogas),  
Speed=3000 rpm. 

 

 

Brake 

Power 

(Watt) 

V 

(Volts) 

I(Amps) ƞth 

(%) 

BSFC 

(kg/kWh) 

BSEC 

(MJ/kWh) 

CO 

(vol%) 

HC    

ppm 

CO2 

(vol%) 

O2   

(vol%) 

NOx 

ppm 

∆P/P 

(%) 

70 233 0.3 4.88 1.475 73.767 0.15 216 4.32 7.44 88 2.52 
163 233 0.7 8.75 0.823 41.133 0.12 211 4.88 7.31 93 2.94 
280 233 1.2 10.98 0.656 32.785 0.1 201 5.46 6.31 105 3.36 
396 233 1.7 13.15 0.547 27.370 0.09 160 5.12 5.6 92 3.57 
443 233 1.9 14.79 0.487 24.343 0.11 151 5.86 7.13 121 3.19 
580 232 2.5 16.20 0.444 22.218 0.08 145 6.13 3.53 131 3.49 
676 233 2.9 18.26 0.394 19.714 0.11 140 6.83 4.14 127 3.48 
769 233 3.3 20.37 0.353 17.671 0.09 131 5.19 6.23 139 3.47 
882 232 3.8 22.04 0.327 16.336 0.04 115 5.32 7.04 149 3.53 
979 233 4.2 23.58 0.305 15.268 0.05 96 5.83 5.11 159 3.53 

1095 233 4.7 25.01 0.288 14.394 0.03 88 6.13 5.1 121 3.59 
1142 233 4.9 25.84 0.279 13.933 0.04 101 6.22 4.9 165 3.43 
1282 233 5.5 27.22 0.265 13.226 0.03 89 6.67 4.46 173 3.55 
1322 232 5.7 27.54 0.261 13.074 0.02 76 6.81 4.12 187 3.41 
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Piston T S/B=1.0 

 

Table A11. Piston T, S/B=1.0, Compression ratio 6.2 (Scrubbed Biogas),   

Speed=3000 rpm. 

 

Brake 

Power 

(Watt) 

V 

(Volts) 

I(Amps) ƞth 

(%) 

BSFC 

(kg/kWh) 

BSEC 

(MJ/kWh) 

CO 

(vol%) 

HC    

ppm 

CO2 

(vol%) 

O2   

(vol%) 

NOx 

ppm 

∆P/P 

(%) 

46 232 0.2 2.46 2.929 146.425 0.15 85 3.62 9.44 78 1.67 
186 233 0.8 5.90 1.220 61.011 0.14 81 3.72 9.32 83 3.36 
256 233 1.1 7.38 0.976 48.808 0.11 73 3.84 9.11 95 3.08 
371 232 1.6 10.26 0.702 35.081 0.10 68 3.94 8.8 88 3.35 
441 232 1.9 12.83 0.561 28.065 0.09 75 3.95 8.6 98 3.18 
559 233 2.4 15.39 0.468 23.387 0.1 61 4.1 8.44 105 3.36 
676 233 2.9 17.21 0.418 20.918 0.09 41 4.22 8.1 99 3.48 
742 232 3.2 18.16 0.397 19.828 0.08 51 4.3 7.8 111 3.35 
835 232 3.6 20.43 0.353 17.625 0.07 49 4.4 7.3 121 3.35 
955 233 4.1 21.07 0.342 17.083 0.07 37 4.88 6.9 129 3.44 

1044 232 4.5 21.64 0.333 16.639 0.06 32 5.4 6.8 139 3.42 
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MOD Piston A S/B=1.0 

 

Table A12. MOD Piston A, S/B=1.0, Compression ratio 7.5 (Scrubbed Biogas),   

Speed= 3000 rpm. 

 

Brake 

Power 

(Watt) 

V 

(Volts) 

I(Amps) ƞth 

(%) 

BSFC 

(kg/kWh) 

BSEC 

(MJ/kWh) 

CO 

(vol%) 

HC    

ppm 

CO2 

(vol%) 

O2   

(vol%) 

NOx 

ppm 

∆P/P 

(%) 

23 233 0.1 2.70 2.666 133.308 0.13 188 3.1 8.2 68 0.84 
186 232 0.8 5.40 1.333 66.654 0.1 176 3.12 8.1 55 3.35 
234 234 1 8.10 0.889 44.436 0.11 166 3.22 7.88 60 2.81 
374 234 1.6 10.80 0.667 33.327 0.11 160 3.26 7.6 75 3.37 
445 234 1.9 12.94 0.556 27.821 0.09 140 3.29 7.4 88 3.21 
536 233 2.3 15.53 0.464 23.184 0.1 135 3.5 7.1 100 3.22 
699 233 3 17.56 0.410 20.503 0.1 110 4.3 7.1 120 3.60 
769 233 3.3 19.11 0.377 18.837 0.1 80 4.6 6.88 141 3.47 
819 234 3.5 21.50 0.335 16.744 0.09 75 4.7 6.72 260 3.28 
959 234 4.1 21.85 0.330 16.479 0.08 80 5.1 6.6 268 3.46 

1072 233 4.6 22.48 0.320 16.014 0.07 70 5.07 6.41 276 3.51 
1165 233 5 24.04 0.299 14.973 0.06 65 6.12 5.8 282 3.50 
1271 231 5.5 25.23 0.285 14.267 0.05 64 6.22 5.48 285 3.52 
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MOD Piston T S/B=1.0 

 

Table A13. MOD Piston T, S/B=1.0, Compression ratio 7.8 (Scrubbed Biogas),   

Speed= 3000 rpm. 

 

Brake 

Power 

(Watt) 

V 

(Volts) 

I(Amps) ƞth 

(%) 

BSFC 

(kg/kWh) 

BSEC 

(MJ/kWh) 

CO 

(vol%) 

HC    

ppm 

CO2 

(vol%) 

O2   

(vol%) 

NOx 

ppm 

∆P/P 

(%) 

23 233 0.1 2.68 2.684 134.223 0.12 101 4.23 8.11 88 0.84 
186 232 0.8 5.36 1.342 67.112 0.11 171 3.9 7.82 85 3.35 
234 234 1 7.38 0.976 48.808 0.1 161 4 7.43 101 2.81 
374 234 1.6 9.83 0.732 36.606 0.11 159 4.2 7.34 121 3.37 
445 234 1.9 12.29 0.586 29.285 0.1 168 4.3 7.51 108 3.21 
536 233 2.3 14.75 0.488 24.404 0.09 161 4.5 7.12 129 3.22 
699 233 3 17.21 0.418 20.918 0.09 155 4.8 6.93 131 3.60 
769 233 3.3 18.16 0.397 19.828 0.07 148 4.9 6.87 141 3.47 
819 234 3.5 20.46 0.352 17.592 0.08 139 5.3 6.56 151 3.28 
959 234 4.1 22.52 0.320 15.989 0.06 141 5.1 6.72 167 3.46 

1072 233 4.6 23.18 0.311 15.530 0.06 131 5.3 6.34 181 3.51 
1165 233 5 25.29 0.285 14.236 0.08 101 5.4 6.12 201 3.50 
1271 231 5.5 27.40 0.263 13.141 0.06 88 5.6 5.63 220 3.52 
1357 230 5.9 28.49 0.253 12.638 0.05 85 5.8 5.42 248 3.49 
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MOD Piston T S/B=0.9 

 

Table A14. MOD Piston T, S/B=0.9, Compression ratio=7.8 (Scrubbed Biogas),   

Speed= 3000 rpm. 

 

Brake 

Power 

(Watt) 

V 

(Volts) 

I(Amps) ƞth 

(%) 

BSFC 

(kg/kWh) 

BSEC 

(MJ/kWh) 

CO 

(vol%) 

HC    

ppm 

CO2 

(vol%) 

O2   

(vol%) 

NOx 

ppm 

∆P/P 

(%) 

70 232 0.3 3.95 1.822 91.080 -- -- -- -- -- 2.51 
186 233 0.8 8.47 0.850 42.504 -- -- -- -- -- 3.36 
257 234 1.1 10.96 0.657 32.857 -- -- -- -- -- 3.09 
350 233 1.5 13.42 0.537 26.833 -- -- -- -- -- 3.15 
445 234 1.9 15.84 0.455 22.729 -- -- -- -- -- 3.21 
559 233 2.4 17.59 0.409 20.466 -- -- -- -- -- 3.36 
652 233 2.8 20.43 0.352 17.617 -- -- -- -- -- 3.36 
749 234 3.2 22.17 0.325 16.239 -- -- -- -- -- 3.37 
858 232 3.7 23.87 0.302 15.085 -- -- -- -- -- 3.44 
959 234 4.1 25.53 0.282 14.098 -- -- -- -- -- 3.46 

1053 234 4.5 26.84 0.268 13.412 -- -- -- -- -- 3.45 
1165 233 5 27.95 0.258 12.880 -- -- -- -- -- 3.50 
1258 233 5.4 28.84 0.250 12.484 -- -- -- -- -- 3.49 
1363 231 5.9 29.69 0.243 12.127 -- -- -- -- -- 3.51 
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MOD Piston T S/B=0.9 HV 

 

Table A15. MOD Piston T S/B=0.9, High ignition voltage 2 kV, Compression ratio= 
7.8 (Scrubbed Biogas), Speed= 3000 rpm. 

 

Brake 

Power 

(Watt) 

V 

(Volts) 

I(Amps) ƞth 

(%) 

BSFC 

(kg/kWh) 

BSEC 

(MJ/kWh) 

CO 

(vol%) 

HC    

ppm 

CO2 

(vol%) 

O2   

(vol%) 

NOx 

ppm 

∆P/P 

(%) 

70 233 0.3 6.31 1.140 57.010 0.16 38 4.1 8.23 46 2.52 
187 234 0.8 11.26 0.640 31.978 0.13 21 4.5 8.2 37 3.37 
278 232 1.2 14.91 0.483 24.150 0.12 17 4.2 7.92 47 3.35 
371 232 1.6 17.08 0.422 21.076 0.14 15 4.7 7.65 51 3.35 
464 232 2 18.63 0.386 19.320 0.13 14 4.1 7.89 37 3.35 
580 232 2.5 19.69 0.366 18.286 0.12 9 5.1 7.54 61 3.49 
673 232 2.9 20.70 0.348 17.395 0.11 11 4.9 7.52 65 3.47 
766 232 3.3 22.46 0.321 16.031 0.12 22 5.2 8.33 72 3.45 
866 234 3.7 24.19 0.298 14.884 0.1 13 5.1 7.12 78 3.47 
974 232 4.2 25.88 0.278 13.910 0.07 8 5.3 6.93 82 3.51 

1067 232 4.6 27.21 0.265 13.232 0.08 7 5.4 6.87 72 3.50 
1178 231 5.1 28.35 0.254 12.699 0.07 11 5.6 6.47 95 3.54 
1276 232 5.5 29.27 0.246 12.299 0.08 4 5.7 6.72 88 3.54 
1369 232 5.9 29.99 0.240 12.006 0.07 5 5.6 6.43 89 3.53 
1462 232 6.3 30.43 0.237 11.829 0.09 7 5.8 5.32 85 3.51 
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MOD Piston T S/B=1.1 

 

Table A16. MOD Piston T S/B=1.1, Compression ratio=7.8 (Scrubbed Biogas), 

Speed= 3000 rpm. 

 

Brake 

Power 

(Watt) 

V 

(Volts) 

I(Amps) ƞth 

(%) 

BSFC 

(kg/kWh) 

BSEC 

(MJ/kWh) 

CO 

(vol%) 

HC    

ppm 

CO2 

(vol%) 

O2   

(vol%) 

NOx 

ppm 

∆P/P 

(%) 

70 233 0.3 6.67 1.080 54.000 0.15 247 3.88 10.56 40 2.52 
186 233 0.8 12.84 0.561 28.045 0.12 239 4.11 10.58 28 3.36 
280 233 1.2 16.05 0.449 22.436 0.12 201 4.21 10.22 48 3.36 
374 234 1.6 17.75 0.406 20.286 0.12 188 4.39 9.98 80 3.37 
487 232 2.1 19.27 0.374 18.683 0.12 166 4.66 10.56 63 3.51 
580 232 2.5 20.50 0.351 17.564 0.12 155 4.78 10.22 76 3.49 
676 233 2.9 21.56 0.334 16.699 0.11 150 5.32 9.53 88 3.48 
769 233 3.3 23.75 0.303 15.157 0.09 148 5.37 9.71 73 3.47 
882 232 3.8 24.62 0.292 14.624 0.10 163 6.15 8.60 107 3.53 
979 233 4.2 26.34 0.273 13.667 0.07 139 5.51 7.78 149 3.53 

1072 233 4.6 27.70 0.260 12.999 0.08 127 5.66 6.95 160 3.51 
1188 233 5.1 28.88 0.249 12.465 0.07 121 6.11 6.60 166 3.57 
1282 233 5.5 29.13 0.247 12.360 0.08 98 6.78 6.15 192 3.55 
1375 233 5.9 29.84 0.241 12.066 0.07 105 7.78 5.79 202 3.54 
1478 231 6.4 30.59 0.235 11.769 0.09 110 8.21 5.60 255 3.55 
1578 232 6.8 30.94 0.233 11.637 0.08 121 8.34 5.46 275 3.56 
1679 230 7.3 31.18 0.231 11.545 0.07 108 7.34 4.60 217 3.56 
1779 231 7.7 31.17 0.231 11.550 0.65 131 8.34 4.58 284 3.56 
1871 231 8.1 31.59 0.228 11.398 -- -- -- -- -- 3.55 
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TABULATION OF RESULTS FOR TESTS 

CONDUCTED ON RAW BIOGAS  

(TABLE A17-A24)
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Piston A S/B=1.0 

 

Table A17. BASE Piston A, S/B=1.0, Compression ratio 6.6 ( Raw Biogas ),   

Speed= 3000 rpm. 

 

Brake 

Power 

(Watt) 

V 

(Volts) 

I(Amps) ƞth 

(%) 

BSFC 

(kg/kWh) 

BSEC 

(MJ/kWh) 

CO 

(vol%) 

HC    

ppm 

CO2 

(vol%) 

O2   

(vol%) 

NOx 

ppm 

∆P/P 

(%) 

70 234 0.3 2.61 3.357 62.104 0.32 262 4.98 10.88 30 2.53 
163 233 0.7 5.08 1.399 25.877 0.28 248 5.1 10.7 32 2.94 
257 234 1.1 6.93 1.119 20.701 0.21 219 5.28 10.6 50 3.09 
374 234 1.6 9.04 0.804 14.879 0.17 196 5.44 10.1 63 3.37 
445 234 1.9 10.17 0.643 11.903 0.15 192 5.91 9.66 70 3.21 
562 234 2.4 12.98 0.536 9.919 0.13 201 6.12 9.44 78 3.37 
652 233 2.8 15.23 0.480 8.872 0.11 136 6.33 9.32 81 3.36 
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BASE Piston C S/B=1.0 

 

Table A18. BASE Piston C, S/B=1.0, Compression ratio 8.8 ( Raw Biogas ) , 
Speed=3000 rpm. 

 

Brake 

Power 

(Watt) 

V 

(Volts) 

I(Amp

s) 

ƞth 

(%) 

BSFC 

(kg/kWh) 

BSEC 

(MJ/kWh) 

CO 

(vol%) 

HC    

ppm 

CO2 

(vol%) 

O2   

(vol%) 

NOx 

ppm 

∆P/P 

(%) 

70 233 0.3 3.25 1.736 32.110 0.22 318 6.77 10.22 30 2.52 
140 233 0.6 4.86 0.968 17.905 0.21 280 6.65 10.1 21 2.52 
256 233 1.1 6.99 0.771 14.271 0.19 230 5.98 10 20 3.08 
373 233 1.6 8.97 0.644 11.914 0.14 180 5.62 9.44 35 3.36 
419 233 1.8 11.10 0.573 10.596 0.12 189 5.52 9.22 38 3.02 
557 232 2.4 13.26 0.523 9.671 0.1 177 5.5 9.1 40 3.35 
676 233 2.9 15.32 0.464 8.582 0.1 128 5.4 8.76 88 3.36 
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Piston T S/B=1.0 

 

Table A19. Piston T, S/B=1.0, Compression ratio 6.2 ( Raw Biogas ), Speed=3000 
rpm. 

 

Brake 

Power 

(Watt) 

V 

(Volts) 

I(Amps) ƞth 

(%) 

BSFC 

(kg/kWh) 

BSEC 

(MJ/kWh) 

CO 

(vol%) 

HC    

ppm 

CO2 

(vol%) 

O2   

(vol%) 

NOx 

ppm 

∆P/P 

(%) 

70 234 0.3 2.50 3.445 63.738 0.28 258 6.1 10.3 15 2.53 
163 233 0.7 4.87 1.436 26.558 0.26 241 5.9 10.2 17 2.94 
257 234 1.1 6.64 1.148 21.246 0.19 208 5.71 9.83 24 3.09 
374 234 1.6 8.66 0.825 15.271 0.15 191 5.62 9.62 26 3.37 
445 234 1.9 9.75 0.660 12.216 0.13 201 5.31 9.55 29 3.21 
562 234 2.4 12.44 0.550 10.180 0.11 188 5.22 9.31 49 3.37 
652 233 2.8 15.10 0.492 9.105 0.1 131 5.1 9.11 58 3.36 
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MOD Piston A S/B=1.0 

 

Table A20. MOD Piston A, S/B=1.0, Compression ratio 7.5 ( Raw Biogas ),  

Speed= 3000 rpm. 

 

Brake 

Power 

(Watt) 

V 

(Volts) 

I(Amps) ƞth 

(%) 

BSFC 

(kg/kWh) 

BSEC 

(MJ/kWh) 

CO 

(vol%) 

HC    

ppm 

CO2 

(vol%) 

O2   

(vol%) 

NOx 

ppm 

∆P/P 

(%) 

71 235 0.3 2.29 3.137 58.028 0.28 365 4.7 10.22 33 2.54 
141 235 0.6 4.58 1.568 29.014 0.25 322 4.8 9.88 40 2.54 
282 235 1.2 6.86 1.046 19.343 0.19 276 5.1 9.75 47 3.39 
376 235 1.6 8.80 0.784 14.507 0.16 255 5.33 8.94 53 3.39 
468 234 2 11.00 0.655 12.110 0.13 241 5.77 8.86 62 3.37 
562 234 2.4 13.20 0.546 10.092 0.13 235 5.88 8.42 73 3.37 
679 234 2.9 15.40 0.482 8.925 0.09 208 6.1 8.31 84 3.50 
772 234 3.3 16.95 0.443 8.200 0.08 195 6.3 7.92 87 3.48 
889 234 3.8 18.06 0.394 7.289 0.08 188 6.4 7.9 99 3.84 
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MOD Piston T S/B=1.0 

 

Table A21. MOD Piston T, S/B=1.0, Compression ratio 7.8 ( Raw Biogas ), 

Speed= 3000 rpm. 

 

Brake 

Power 

(Watt) 

V 

(Volts) 

I(Amps) ƞth 

(%) 

BSFC 

(kg/kWh) 

BSEC 

(MJ/kWh) 

CO 

(vol%) 

HC    

ppm 

CO2 

(vol%) 

O2   

(vol%) 

NOx 

ppm 

∆P/P 

(%) 

71 235 0.3 2.37 3.158 58.427 0.26 348 4.7 9.88 30 2.54 
165 235 0.7 4.75 1.579 29.213 0.25 318 4.8 9.65 39 2.97 
282 235 1.2 7.12 1.148 21.246 0.18 265 5.2 9.54 46 3.39 
376 235 1.6 9.13 0.861 15.935 0.14 288 5.3 9.23 51 3.39 
491 234 2.1 11.41 0.689 12.748 0.14 241 5.4 9.31 54 3.54 
585 234 2.5 13.69 0.574 10.623 0.13 205 5.7 9.12 61 3.52 
679 234 2.9 15.67 0.492 9.105 0.12 191 5.8 8.72 65 3.50 
772 234 3.3 17.58 0.467 8.631 0.13 181 5.9 8.62 74 3.48 
866 234 3.7 18.73 0.414 7.658 0.1 185 6.3 8.29 69 3.47 
979 233 4.2 20.81 0.376 6.960 0.09 175 6.5 8.13 72 3.53 
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MOD Piston T S/B=0.9 

 

Table A22. MOD Piston T, S/B=0.9, Compression ratio=7.8 ( Raw Biogas ) , 

Speed= 3000 rpm. 

 

Brake 

Power 

(Watt) 

V 

(Volts) 

I(Amps) ƞth 

(%) 

BSFC 

(kg/kWh) 

BSEC 

(MJ/kWh) 

CO 

(vol%) 

HC    

ppm 

CO2 

(vol%) 

O2   

(vol%) 

NOx 

ppm 

∆P/P 

(%) 

70 234 0.3 2.54 2.069 38.279 -- -- -- -- -- 2.53 
165 235 0.7 5.08 1.072 19.823 -- -- -- -- -- 2.97 
281 234 1.2 7.63 0.779 14.417 -- -- -- -- -- 3.37 
376 235 1.6 9.78 0.668 12.357 -- -- -- -- -- 3.39 
491 234 2.1 12.22 0.573 10.601 -- -- -- -- -- 3.54 
585 234 2.5 14.67 0.482 8.909 -- -- -- -- -- 3.52 
676 233 2.9 16.79 0.415 7.669 -- -- -- -- -- 3.48 
769 233 3.3 18.83 0.382 7.069 -- -- -- -- -- 3.47 
882 232 3.8 20.07 0.355 6.566 -- -- -- -- -- 3.53 
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MOD Piston T S/B=0.9 HV 

 

Table A23. MOD Piston T S/B=0.9, High ignition voltage 2 kV, Compression ratio= 
7.8 ( Raw Biogas ), Speed= 3000 rpm. 

 

Brake 

Power 

(Watt) 

V 

(Volts) 

I(Amps) ƞth 

(%) 

BSFC 

(kg/kWh) 

BSEC 

(MJ/kWh) 

CO 

(vol%) 

HC    

ppm 

CO2 

(vol%) 

O2   

(vol%) 

NOx 

ppm 

∆P/P 

(%) 

70 234 0.3 2.63 2.048 37.888 0.27 59 6.24 10.2 29 2.53 
165 235 0.7 5.25 1.060 19.613 0.25 58 6.32 9.8 35 2.97 
281 234 1.2 7.88 0.771 14.264 0.21 51 6.11 9.6 37 3.37 
376 235 1.6 10.10 0.660 12.208 0.18 51 5.76 9.9 43 3.39 
491 234 2.1 12.63 0.566 10.469 0.16 49 5.64 9.7 41 3.54 
585 234 2.5 15.16 0.476 8.797 0.19 48 5.52 9.6 39 3.52 
676 233 2.9 17.35 0.409 7.572 0.22 19 5.21 9.4 35 3.48 
769 233 3.3 19.46 0.377 6.978 0.12 31 5.65 9.6 51 3.47 
882 232 3.8 20.74 0.350 6.479 0.11 43 4.93 9.5 68 3.53 
974 232 4.2 23.04 0.327 6.055 0.16 34 4.73 9.2 73 3.51 
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MOD Piston T S/B=1.1 

 

Table A24. MOD Piston T S/B=1.1, Compression ratio=7.8 ( Raw Biogas ) , 

Speed= 3000 rpm. 

 

Brake 

Power 

(Watt) 

V 

(Volts) 

I(Amps) ƞth 

(%) 

BSFC 

(kg/kWh) 

BSEC 

(MJ/kWh) 

CO 

(vol%) 

HC    

ppm 

CO2 

(vol%) 

O2   

(vol%) 

NOx 

ppm 

∆P/P 

(%) 

70 234 0.3 2.58 2.091 38.680 0.29 383 6.86 9.89 37 2.53 
165 234 0.6 5.22 0.977 18.080 0.28 350 6.95 9.51 44 2.53 
281 233 1.2 7.83 0.755 13.970 0.20 292 6.72 9.31 52 3.36 
376 234 1.7 10.04 0.615 11.385 0.16 288 6.34 9.60 59 3.59 
491 235 2.2 12.39 0.561 10.383 0.16 265 6.20 9.41 69 3.73 
585 233 2.4 15.06 0.468 8.652 0.15 226 6.07 9.31 81 3.36 
676 234 2.9 17.57 0.403 7.447 0.13 210 5.73 9.12 93 3.50 
769 232 3.2 19.84 0.371 6.862 0.15 199 6.22 9.31 97 3.35 
882 233 3.7 21.01 0.344 6.366 0.11 204 5.42 9.22 110 3.45 
974 232 4.2 23.23 0.322 5.949 0.10 193 5.20 8.92 102 3.51 

1067 232 4.6 23.77 0.306 5.658 0.11 210 5.31 9.12 107 3.50 
1178 231 5.1 24.24 0.293 5.426 0.10 188 5.44 8.88 109 3.54 
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APPENDIX – B 

UNCERTAINTY ANALYSIS 
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Uncertainty Analysis: 
 
 
Uncertainty analysis was carried out to find the variations in the experimentation results. The 

procedure was conducted mathematically as shown below [91].  
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The sample tabulation of the uncertainty analysis is given in the following Table B2. 
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Table B1. Uncertainty values of measuring 
instruments 

 

Sr.No Parameters Variations 

1 Speed (N) +100 rpm 

2 Voltage (V) +1.5% 

3 Current (I) +1.0% 

4 CO ±3% 

5 HC ±5% 

6 CO2 ±3% 

7 O2 ±3% 

8 NOx ±3% 
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Table B2. Sample table for uncertainty analysis 
 

 

MOD Piston T S/B=1.1, Compression ratio=7.8 

(Petrol), Speed= 3000 rpm. 
 

Brake 

Power 

(Watt) 

V 

(Volts) 

I 

(Amps

) 

V I V) VI) V)2 VI)2 ((I.V)2+(V.I)2)) P=Sq.root((I.V)2+(V.I)2)) P/P 

% 

47 233 0.2 6.99 0.01 1.40 0.932 1.954 0.869 2.823 1.68 1.68 
163 233 0.7 6.99 0.01 4.89 3.262 23.94 10.64 34.58 5.881 2.94 
278 232 1.2 6.96 0.02 8.35 5.568 69.76 31 100.8 10.04 3.35 
371 232 1.6 6.96 0.03 11.14 7.424 124 55.12 179.1 13.38 3.35 
489 233 2.1 6.99 0.04 14.68 9.786 215.5 95.77 311.2 17.64 3.53 
583 233 2.5 6.99 0.05 17.48 11.65 305.4 135.7 441.1 21 3.50 
676 233 2.9 6.99 0.06 20.27 13.51 410.9 182.6 593.5 24.36 3.48 
769 233 3.3 6.99 0.07 23.07 15.38 532.1 236.5 768.6 27.72 3.47 
882 232 3.8 6.96 0.08 26.45 17.63 699.5 310.9 1010 31.79 3.53 
974 232 4.2 6.96 0.08 29.23 19.49 854.5 379.8 1234 35.13 3.51 
1067 232 4.6 6.96 0.09 32.02 21.34 1025 455.6 1481 38.48 3.50 
1160 232 5 6.96 0.1 34.80 23.2 1211 538.2 1749 41.82 3.49 
1271 231 5.5 6.93 0.11 38.12 25.41 1453 645.7 2098 45.81 3.52 
1363 231 5.9 6.93 0.12 40.89 27.26 1672 743 2415 49.14 3.51 
1468 233 6.3 6.99 0.13 44.04 29.36 1939 861.9 2801 52.93 3.53 
1578 232 6.8 6.96 0.14 47.33 31.55 2240 995.5 3235 56.88 3.56 
1670 232 7.2 6.96 0.15 50.11 33.41 2511 1116 3627 60.23 3.54 
1771 230 7.7 6.9 0.15 53.13 35.42 2823 1255 4077 63.85 3.55 
1871 231 8.1 6.93 0.16 56.13 37.42 3151 1400 4551 67.46 3.55 
1972 232 8.5 6.96 0.17 59.16 39.44 3500 1556 5055 71.1 3.56 
2079 231 9 6.93 0.18 62.37 41.58 3890 1729 5619 74.96 3.57 
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APPENDIX – C 
 

BIOGAS TESTING AND ENGINE EMISSION 
(PUC) REPORTS.  
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Table C1. Scrubbed Biogas testing report 
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Table C2. Raw Biogas testing report 1 
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Table C3. Raw Biogas testing report 2 
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Table C4. Engine emission testing report 1 on Raw 

Biogas fuel 
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Table C5. Engine emission testing report 2 on Raw 

Biogas fuel 

 



Appendix- C 
 

 
 

269 
 

Table C6. Engine emission testing report on 

Scrubbed Biogas fuel 
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Table C7. Engine emission testing report on Petrol 

fuel 
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APPENDIX – D 

CALCULATION OF AIR FUEL (A/F) RATIO 

FROM BIOGAS COMPOSITIONS 
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Table D1. Composition of Biogas fuel ( Akshar 

Biotech) 

 

Sr No Composition % volume 
Molecular 

weight 
Proportional weight  % weight 

1 Methane 93.8 16.042 15.04 88.45 

2 Ethane 3.1 30.07 0.932 5.48 

3 Propane 0.4 44 0.176 1.03 

4 Iso butane 0.1 58 0.058 0.3471 

5 N-butane 0.11 58 0.063 0.3705 

6 CO2 1.35 44 0.594 3.49 

7 N2 1 14 0.14 0.82 

        17.003 100% 
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Table D2. Calculation of Air Fuel (A/F) Ratio from 
Biogas compositions 

 
For Methane : 
CH4                +             2O2                  =             CO2           +           2H2O  
16 Kg                            64 Kg                              44 Kg                     36 Kg  
0.8845 Kg                     3.3792 Kg                       2.3232 Kg              1.9008 Kg  

For Ethane : 
C2H6                +           7/2O2               =              2CO2          +          3H2O 
30 Kg                            112 Kg                            88 Kg                     54Kg 
0.0548 Kg                    0.2011 Kg                       0.158 Kg         0.097 Kg 

For Propane : 
C3H8                +           5O2                  =              3CO2          +          4H2O  
44 Kg                           160 Kg                            132 Kg                    72 Kg  
0.0103 Kg                   0.095 Kg                         0.158 Kg                0.04274 Kg  

For Butane : 
C4H10                +          13/2O2              =            4CO2  + 5H2O 
58 Kg                            208 Kg                           176 Kg   90 Kg 
0.00347 Kg                   0.0165 Kg                    0.0139 Kg 0.00317 Kg 

For N- Butane:  
C4H10                +          13/2O2              =            4CO2  + 5H2O 
58 Kg                            208 Kg                           176 Kg   90 Kg 
0.0037 Kg                   0.0165 Kg                    0.0139 Kg 0.00317 Kg 
 
Total Molecular weight of mixture= 17.003 
O2 fuel mass ratio= 2 x 32/17.003 = 3.764 kg /kg of fuel 
Total O2 required for complete combustion = 3.764 kg / kg of fuel 
By mass 
23 Kg of O2        +    77 Kg of N2             =    100 kg of air 
1Kg of O2           +    77/23 Kg of N2        =    100/23 kg of air 
3.764 Kg of O2 +    12.46 Kg of N2        =    16.22 kg of air 
The stoichiometric A/F ratio= 16.22:1 
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