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Abstract

Transportation, unlike many other energy industries, has not seen considerable fuel

substitution, with petroleum-based fuels accounting for over 90% of total energy use.

Furthermore, generating electricity from traditional fuels such as coal, diesel, and other

sources, as well as distributing and supplying it to rural areas, are major issues for under

developed and developing countries. Alternative transportation fuels have recently gotten

a lot              of attention as potential answers to problems including poor urban air quality,

global warming, and a strategic overdependence on imported oil. The holy grail of cleaner

vehicle fuel development  has become the search for a vehicle  fuel that  produces little

emissions while                       maximising fuel efficiency and economics. Needless to say that

Electric vehicles are paving their way into transportation market but inventors as power

back up with solar substitution have already proved their presence. However, there is a

lacuna for rural areas rich in natural feedstocks, this is where producer gas can be seen as a

viable option to fill the gap. Producer Gas is a proven feasible, safe, and clean fuel that

can be converted to both S.I and C.I modes                                in this context.

Biomass gasification produces Producer Gas, which is a more environmentally favourable

fuel. This fuel gas, in addition to being CO2 neutral, produces fewer unwanted pollutants.

Because producer gas as a fuel has density almost equivalent to air, it disperses quickly

into the atmosphere and does not form a dense enough mixture for combustion to occur.

Producer Gas has an octane rating of 105 to 110 depending on its elemental composition,

which is significantly higher than the 93 octane for petrol, making it more energy efficient.

The greater  the octane rating, the higher the compression ratio and the better the thermal

efficiency.

The fundamental issue that all researchers and manufacturers are currently grappling with

producer gas is the poor power output of producer gas engines, which is caused by low

density, low volumetric efficiency, high flame speed, and the lack of fuel evaporation. A

standard producer gas engine delivers 50 % to 60 % less brake power compared to its

original gasoline version when converted to run on producer gas. This under performance

of the engine creates the necessity to develop the dedicated efficient engine technology. 
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This fact highlights the necessity for the development of a dedicated producer gas engine

technology that can deliver equivalent output compared to its gasoline-fueled counterparts

within the same volumetric capacity which is the motivation for this research work.

The  current  endeavour  is  an attempt  to  develop a  dedicated  producer  gas  engine

technology for  small  capacity  engines  (100  cc)  that  can  reduce  the  derating  to  the

minimum level and deliver the performances at par with gasoline engines in the 75-125 cc

range.

Producer gas generated by the gasification process is a proven old age technology and has

been present since World War II. The biomass source needed to generate gas is available

in practically  every  country  on  the  planet  and  especially  in  rural  areas.  Due  to  the

depletion of fossil fuels and growing concerns about global warming, producer gas as a

cleaner fuel is slowly gaining traction in the stationary engine application markets as an

alternative to   replace  gasoline  and  diesel  engine  technologies,  most  prominent

application is for mobile tower application for better connectivity across villages. Chapter

1 covers the issues surrounding these concerns and their existence in general,

complemented by statistical data.

Producer gas was first  utilised as a fuel around 500 years ago in  African countries

for fulfilling thermal requirements for different processes like cooking, water heating etc.

and as an automotive fuel during World War II. Over the last 70 years, various researchers

have investigated the idea of using producer gas as a substitute for gasoline and diesel. As

a result, the roadmap for developing a dedicated technology for producer gas appears to be

quite rewarding as  of  now.  In  Chapter  2,  the  various  design  and  testing  approaches

employed by these researchers  are briefly  discussed.  This comprises  the design of the

combustion  chamber, the  requirements for the  ignition system, augmentation of

compression ratio, changes in ignition timing, simulation methodologies, and dedicated

engines.

According to  the  literature,  for  effective  burning of  the  charge  inside  the  combustion

chamber, a compact and turbulent combustion chamber with producer gas as a fuel is

necessary. Furthermore, the performance of the existing producer gas system is influenced

by engine characteristics such as ignition voltage, ignition timing, stroke to bore ratios,

and multiple sparking system, and thus optimization of these parameters may lead to the

development of a dedicated producer gas engine technology.
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Development  of  gasification  system  along  with  scrubbing  system  and  successive

modification                      for gaining good quality of producer gas are presented in this chapter 3.

A single cylinder, 100 cc, 4 stroke SI engine is converted to run on producer gas and is

experimentally investigated                      at various combinations of crown geometries to estimate

the optimal piston that could develop      a compact and turbulent combustion chamber. The

experimentation is carried out in stages by changing different engine parameters one by

one to improve upon the performances by trial and error method.            Chapter – 3 discusses

the research methodology to develop experimental setup and the technique for conducting

experiments and its stages are also covered.

The findings of the experimentation and discussions are described in Chapter 4.  The

testing is carried out in stages, one after the other, in order to improve the results. The

effects of compression ratio, piston crown shape, ignition voltage, stroke-to-bore ratios,

ignition  timing, and twin sparking on engine  performance  have  been investigated  and

results were compared between gasoline and producer gas as a fuel. The experimentation

was carried out on all feasible combinations of the tests bed in order to determine the best

configuration that could be submitted as a dedicated producer gas engine technology.

In  Chapter 5, conclusions of the research work are presented and original contribution

towards  the  development  of  this  dedicated  producer  gas  engine  technology  has  been

presented. Based on the design and extensive experimental investigations carried out on a

4 stroke, air cooled, naturally aspirated 100 cc Producer Gas fueled S.I. engine to study the

performance characteristics under both petrol and producer gas modes, the present work

authentically projects the compression ratio in the vicinity of 7.8, lower stroke to bore

ratio of the order of 0.9 and advancement in ignition timing by 20˚ assisted by twin spark

ignition system as a dedicated producer gas engine technology. The results achieved and

successes with respect to the experimental setup's objectives are summarised. The chapter

also discusses possible scope of future work.
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Chapter 1: Introduction

Theoretical & Experimental Investigation of a Producer Gas Dedicated Engine Technology
Mahida Hirenkumar Ranjitsinh

Chapter 1

Introduction
1.1 World Energy Scenario

Any country's  economic  progress  and prosperity  are  inextricably  related  to  its  energy

demand, and as energy demand rises, so do the emissions caused by these energy sources.

Alternative energy sources with reduced emissions are the best option for any country to

meet its energy needs while maintaining the required GDP level. The relationship between

all three is depicted in Figure     1-1  

Figure 1-1 Relation between GPD, Energy Demand and CO2 Emission [1]

Meeting the rising energy demand is a major concern for every government. Among the

world's economies, India is exhibiting enormous economic growth. India needs more

energy for industry, electricity generation, and transportation, as illustrated in  Figure 1-

2[1]. This demand is predicted to expand by 2.3 times over the next 20 years. To meet

above- mentioned energy needs, the country is significantly reliant on crude oil imports,

and it is the world's third-largest oil importer behind the United States and China [1]

6 | P a g e        



Chapter 1: Introduction

Figure 1-2 Energy Demand of India in millions of tonnes of oil equivalent [1]

Figure     1-3     shows that India's crude oil consumption is steadily increasing in comparison 

to production. [2] which directly or indirectly leads to growing imports.

Figure 1-3 Production vs Consumption of Crude Oil in thousands of barrel/day for India (kb/d) [1]

Figure 1-4 by the International Energy Agency (IEA) has shown that the transportation

sector accounted  for  28% of  total energy  consumption in 2015, and it is completely

dominated by oil, as indicated in Figure 1-5. Increased oil consumption, diminishing oil

reserves, and rising pollutant emissions such as carbon monoxide, nitrogen oxides, and

7 | P a g e        



Chapter 1: Introduction

particulate matter have necessitated the development of alternative and renewable energy

sources that can help reduce toxic emissions and current oil dependency in the internal

combustion engine field.

Renewable motor fuel, which produces little emissions while maximising fuel efficiency

and economics, has become a critical component in the development of greener vehicle

fuels.  Alternative transportation  fuels have recently gained popularity  due to  their  low

emissions and environmental friendliness. India, China, and other Asian countries

contribute for about half of worldwide renewable power generation growth, and India will

be the second largest renewable energy source by 2030, surpassing the OECD countries

combined. [1]

Figure 1-4 World Energy Consumption Sector-Wise by IEA 2015 [2]

Figure 1-5 World Transport Energy Consumption by source, IEA 2015[2]
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1.2 The Indian Scenario

Among the world's economies, India is experiencing rapid economic growth. One of the

most important factors in achieving such growth is energy usage. In the last ten years,

India's energy consumption has nearly doubled.  Figure 1-6 depicts  the nation's  energy

demand by sector, which rises from 549 Mtoe in 2011 to 1,460 Mtoe in 2031 and 2,812

Mtoe  in  2051, a  fivefold  increase  in  40 years,  with  energy  consumption  in  the

transportation sector increasing by roughly tenfold by 2051. [5]

Figure 1-6 Demand for energy in India by Different Industry, TERI 2015 [3]

Figure  1-7 depicts India's  final  energy consumption  by transport  sector  by  fuel,  with

petroleum products meeting over 95% of the sector's energy need. The automotive sector's

energy demand will increase from 86 Mtoe in 2011 to 360 Mtoe in 2031, and more than

tenfold to 900 Mtoe by 2051. [5]

Figure 1-7 Fuel demand in the India, TERI 2015 [3]
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1.3 India’s Automobile Emission Scenarios

Air pollution is one of the most difficult and ongoing challenges of our country. Because

of the expanding number of motor vehicles, transportation is also one of the major source

of air pollution and the largest contributor to air pollution in the environment. According

to  a report  from the  International  Energy Agency,  the country's  significant  rise  in  air

pollution is expected to result into around nine lakh premature deaths by 2040. In terms of

air pollution, India ranks 141 out of 180 countries according to the Environmental

Performance Index. Vehicles produce hazardous compounds into the atmosphere such as

carbon dioxide (CO2), carbon monoxide (CO), nitrogen oxide (NOx), particulate matter,

and sulphur oxides (SOx), all of which have negative consequences for human health and

the  environment. Gaseous  fuel  in  fossil  fuel  is  undoubtly  the  cleaner  fuel  from

environment point             of view. It emits almost little SOx and very little NOx, which are the

major components of                    acid rain, and emits less CO2 than most oil products and coal.

India's  automobile  sector is the world's fourth largest,  with sales of 4.02 million four-

wheelers up by 9.5 percent year on year in 2017. In 2017, it was the world's seventh

largest commercial vehicle producer and the world's largest two-wheeler market, with 17.7

million two-wheeler units sold[4]. In India,  the total  number of registered automobiles

increased from 5.3 million in 1981 to 159 million in 2012. (Morth, 2013).

Figure 1-8 depicts India's estimated on-road car population, which has increased from 4.4

million in 1981 to almost 96 million in 2011. By 2031, the population is expected to reach

427 million, and by 2051, it will reach 933 million. [5]

Figure 1-8 Year-By-Year Estimates of India's On-Road Vehicle Stock Based On The TERI MARKAL
Model [5]
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The distribution of vehicles in Figure     1-9   demonstrates that the percentage of two-

wheelers has increased substantially between 1981 and 2011 [5]. In a country like India,

the high number of vehicles on the roads is a key contributor to increased environmental

pollution and a source of global warming emissions.

Figure 1-9 The TERI MARKAL Model Predicts The Distribution of On-Road Vehicles By Type In
India [5]

Figure 1-10 depicts the past and expected growth of NOx emissions from automobiles,

which increased by more than twofold from 1164 kt to 2665 kt between 2001 and 2011.

Emissions are anticipated to increase by 1.5 times by 2031, and by 2.3 times by 2051 [5].

Figure 1-10 Details of NOx emissions (kilotonnes per year) in India (2001–51) [5]
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Figure 1-11 depicts past and predicted CO emissions in India from 2001 to 2051, with

gasoline engines emitting higher CO than diesel vehicles. CO emissions from two-

wheelers and automobiles account for around 38% of total CO emissions. This figure

increased from 1,983 kt in 2001 to 2,777 kt in 2011. By 2031 and 2051, emissions are

anticipated to increase

by 2.2 and 5.1 times, respectively.

Figure 1-11 Growth in the past and future of CO emissions (kilotonnes per year) in India (2001–51) [5]

Figure 1-12 Records Presenting HC emissions (kilotonnes per year) in India (2001-51) [5]

Because of rising energy use and the high number of gasoline-powered vehicles on the

road, gasoline vehicles account for 46% of total emissions. Figure     1-12   shows that HC
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emissions increased from 605 kt in 2001 to 802 kt in 2011, and that they are anticipated to

increase to 980 kt by 2031 and 1103 kt by 2051 [5].
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The emissions are shown in Figure 1-10 to Figure 1-12 , clearly indicating that the two-

wheeler segment is the largest contributor to the increase in environmental pollution in a

country like India.

The study of energy consumption, road vehicle population, and automotive sector

emission profiles at the international level in general, and in India in particular, reveals

that  there  is an urgent need to find an energy efficient, cost-effective, and cleaner

alternative motor fuel that produces minimal emissions. Producer gas is a well-known

renewable and environmentally acceptable fuel that can be employed in both SI and CI

mode for mobile and stationary applications in this regard.

1.4 Producer Gas – A Viable Alternate Fuel

Alternative transportation fuels have recently gotten a lot of attention because to the Indian

Ministry of Petroleum and Natural Gas's new initiative called as Sustainable Alternative

Towards  Affordable  Transportation  (SATAT) programme.  The plan aims to  provide a

SATAT as part  of a development  effort  that  will  benefit  vehicle  owners, farmers,  and

entrepreneurs alike [6]. Bagasse based cogeneration and non-bagasse based cogeneration

have been prioritised in this program's growth along with installation of Biomass

Independent Power Plants (IPP). The use of alternative fuels such as producer gas to meet

various energy needs will also assist reduce reliance on crude oil imports and realise Prime

Minister Modi's  aim of “Annadata Se Urjadata  “ by increasing farmer income,  rural

employment, and entrepreneurship [7].

Producer gas is a perfect solution for rural electrification in areas that are still not linked to

the electricity grid or have limited access. [8] Biomass still accounts for over 32% of the

country's total primary energy use, and more than 70% of the country's population relies

on it for their energy needs. The Ministry of New and Renewable Energy has recognised

the potential and function of biomass energy in the Indian context, and has launched a

number of programmes to promote efficient technology for its use in many areas of the

economy, ensuring that maximum advantages are derived. According to a recent MNRE-

sponsored study, India's current biomass availability is projected to be around 750 million

metric tonnes per year. [9] According to the study, surplus biomass availability is

anticipated to be around  230 million  metric  tonnes  per  year  for  agricultural  residues,

equating to a potential of around 28 GW. Under the biomass power and cogeneration

initiative, bagasse-based
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cogeneration in sugar mills and biomass power generation through gasification have been

implemented to maximize the use of biomass. Producer gas is a well-known renewable

and environmentally  acceptable  automotive  fuel  that  can be employed in SI mode for

mobile and stationary applications in this regard.[7].

Table 1-1 : Combustion properties of various gas [10]

Property Hydrogen LPG
Natural

gas
Producer

gas
Biogas14

Composition

(% vol)

H2 C3H8-30%

C4H10-
70%

CH4-85%

C2H6-7%

C3H8-2%

N2-1%

CO2-5%

CO-24.3%

H2-22.6%

CH4-2.2%

CO2-9.3%

N2-41.2%

CH4-50-70%

CO2-25-40%

N2- 0.3-3%

H2-1-5%

H2S-20 ppm

Lower Heating 
Value at 1 atm and
15°C (MJ/kg)

120 45.7 50 3500–6000
KJ/m3

17

Density at 1 atm and
15°C

0.08 2.26 0.79 1.05 1.2

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

34.2 15.5 17.3 1.2
0.95–1.3

Nm3air/Nm3

gas

11
6

Nm3air/Nm3

gas
Flammability limits
(vol.% in air) Leaner

4 2.15 5 7 7.5

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

585 405–450 540 625 650

The composition and combustion parameters of producer gas are projected in  Table 1-1

and Table     1-2   [10, 11, 13] making it a feasible fuel for automotive applications. Producer

gas is a clean-burning, renewable, safe, and environmentally friendly fuel that is safer than

CNG and LPG. In terms of the internal combustion engine, the comparison of producer

gas to methane is more important. This is due to the fact that most gaseous fuel engines

run on either pure methane (natural gas) or diluted methane (biogas, land fill gas).At the
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flammability limits, the fuel air mass equivalence ratio (actual fuel to air ratio /

stoichiometric fuel to air ratio) for both gases is similar, but the laminar burning velocity

for producer  gas at  the lean limits  is  substantially  higher.  Producer  gas  has  a  laminar

burning velocity of around 0.5 m/sec (at 0.1 MPa, 300 K), which is about 30% faster than

methane. This feature necessitates a reduction in the engine's ignition timing while using

producer gas fuel. [12] [13].

There is a widespread belief that because producer gas has a low energy density, the

amount of power de-rating will be significant when compared to high energy density fuels

such as natural gas and liquefied petroleum gas. This could be misleading because the

charge mixture  energy  density,  not  the  fuel  energy  density,  must  be  taken  into

consideration  in  the comparison.  Table  1-1 shows that  the  mixture  energy  density  of

producer  gas  is  23  percent lower than that of CH4. For producer gas, the product to

reactant mole ratio is less than one. These two characteristics may have a role in engine

output de-rating. It is possible, however, that engine de-rating can be decreased by using

engines with a greater  compression ratio (CR), modifying the piston crown design for

better turbulence, and making changes in other engine  parameters.  In  light  of  the

foregoing,  the  primary  goal  of  the  research  is  to  reduce engine de-ration  by making

sequential changes to engine parameters.

Table 1-2 Combustion properties of Producer Gas Compared with Pure Combustible Gases [12]

Fuel+Air

Fuel 

LCV

(MJ/kg)

Air/Fuel

@

(Φ = 1)

Mixture

(MJ/kg)

SL (Φ = 1)

(cm/s)

Peak Flame

Temp. (K)

Product/

Reactant

Mole Ratio

H2 121 34.4 3.41 270 2400 0.67

CO 10.2 2.46 2.92 45 2400 0.67

CH4 50.2 17.2 2.76 35 2210 1.00

C3H8 46.5 15.6 2.80 44 2250 1.17

C4H10 45.5 15.4 2.77 44 2250 1.20

PG 5.00 1.35 2.12 50 [a] 1800 [b] 0.87

PG : H2- 20%, CO – 20%, CH4 – 2%; a: ±5.0 , b: ± 50; LCV : Lower Calorific Value 

This fact emphasises the necessity for the development of a dedicated producer gas engine
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technology that can deliver the same or better power output while using less specific fuel

and emitting fewer pollutants.
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1.5 Objectives and scope of present research work

According to the literature, producer gas engines are a retrofit and typically deliver (50-

60% lower power than gasoline engines) due to gas characteristics, and the cost of these

engines is high because the majority of producer gas engines are diesel engine converters.

[14] Low density,  low  volumetric  efficiency,  high  laminar  flame  speed,  and  no  fuel

evaporation are among the responsible factors. [15] For optimal combustion of the charge

inside  the cylinder,  producer gas engines  require a  compact  and turbulent  combustion

chamber. Because of the presence of hydrogen in the producer gas causes a high laminar

speed, the knocking tendency might reduce at higher compression ratio. Secondly, the

presence of inert in the raw gas (CO2 and N2) might suppress the preflame reactions that

are responsible for knocking on account of increases dilution. Also the maximum flame

temperature attainable with the producer gas being lower compared to conventional fuels

like methane, one could expect better knock resistivity. Considering all the above factors,

operation at a greater compression ratio does not appear to be difficult.

Furthermore, the performance of the existing producer gas system is influenced by

characteristics like piston crown geometry, ignition voltage, ignition timing, and stroke to

bore ratios and multiple sparking system, therefore optimising these parameters could lead

to the creation of a dedicated producer gas engine technology. In order to address the

aforementioned issues, the current study effort examines a variety of ways for improving

the performance of a small producer gas-fueled SI engine in the 100cc category.

The goal  of  the  research is  to  create  a  dedicated  producer  gas-fueled small  SI  engine

technology for mobile and stationary applications in the 75-125 cc category that can

deliver equivalent power output while consuming less fuel and emitting fewer pollutants

compared to its engine counterpart. Small SI engines with a modest power capacity of less

than 1 kW are often suited for rural electrification in areas that are still not connected to

the grid or have limited access.

For the first time, the effects of piston crown geometry, compression ratio, stroke-to-bore

(L/D) ratio, advancement in ignition timing, and multiple sparking system on the

performance of producer gas fuelled small SI engines in the 100cc category are

investigated together to the best of the known available literature in order to develop a

producer gas engine technology.
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The following are the aims of the current work, which are based on the conclusions drawn

from the literature and are intended to help create dedicated producer gas engine 

technology:

 Through an experimental technique, determine the significance of the piston crown

geometry desired to induce turbulence inside the combustion chamber.

 To determine how well a producer gas engine performs at various compression 

ratios (CR).

 To test the performance of a producer gas engine at different stroke-to-bore (L/D)

ratios.

 To see how well a producer gas engine with improved ignition timing performs.

 To test the performance of a producer gas engine equipped with a multiple-spark

ignition system.

 To assess and compare the performance of the SI engine with gasoline and 

producer gas as a fuel in all of the above conditions and possible combinations.

1.6 Original contribution by the research

Based on experimental observations, a small 100cc four-stroke gasoline engine that has

been designed to run on producer gas with progressive alterations to piston crown shape,

compression ratio, stroke-to-bore (L/D) ratio, ignition timing, and multiple sparking

system.

Changes in piston crown shape, increased compression ratio, lower L/D ratio, improved

ignition timing, and multiple sparking, according to the research, could lead to the

development of producer gas engine technology.

The producer gas engine technology has been developed in the range of 75-125 cc through

the current research by examining various strategies such as a close compression ratio of

8:1, the effect of crevices on piston crown geometry, and a reduced stroke-to-bore (L/D)

with advance ignition timing. A dedicated producer gas engine technology with a final L/

D ratio of 0.9, a compression ratio of 7.8:1, and an advancement in timing of 20˚with twin

sparking offers better performance with the least de-ration of 26%.

1.7 Organization of Thesis
The thesis organized is presented into six chapters.  Chapter 3 to 5  presents my

contribution in development of dedicated producer gas engine technology. A brief outline
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of each chapter is discussed below and connectivity among different chapters is shown in

Figure 1-13.

Figure 1-13 Organization of Thesis

Chapter 1 provides an overview of India's expanding energy demand scenario, crude oil

production and consumption figures, and the rise of the vehicle industry and its emissions

scenario. The importance of producer gas as a vehicle fuel, as well as its challenges and

solutions, are discussed in this chapter. This chapter also provides a brief overview of the

research's scope, aims, and my contributions.

The work done by numerous researchers on various factors needed to develop a dedicated

producer gas engine technology is briefly presented in Chapter 2.  Literature review

related to development of gasification system and scrubbing technologies are presented in

the initial stage.  Effect  of  different  engine  parameters  like  Compression  ratio,  piston

shape,  ignition system and voltage  needs,  stoke-to-bore  ratio  are  presented.  Thus,  the
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objectives of the current work were determined based on the conclusions drawn from the

literature and in order to build dedicated producer gas engine technology.
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The experimental test setup and research towards the development of a dedicated producer

gas engine technology are described in  Chapter 3.  The engine, alternator,  pistons, gas

mixer, gas vaporizer, anemometer, multi-meter, tachometer, load bank, and producer gas

as a fuel for testing are the main components used in the test setup development as well as

carrying out all set of experiments. The technique for conducting experiments and its

stages are  also  covered  in  this  chapter.  The  findings  of  the  experimentation  and

discussions are also described in this chapter. The testing is carried out in stages, one after

the other, in order to improve the results. The experimentation was carried out on all

feasible combinations on the test  bed in order to determine the best configuration that

could be submitted as a dedicated producer gas engine technology.

The effects of compression ratio, piston crown shape, ignition voltage, stroke-to-bore

ratios, ignition timing, and twin sparking on engine performance have been investigated

and results were compared between gasoline and producer gas as a fuel in Chapter 4.

In the concluding Chapter 5, the results of the current research effort are presented, which

include my contribution for development of technology that provides improved

performance and may be classified as a dedicated  producer gas engine technology for

mobile and stationary applications in S.I. mode. The chapter also discusses future work

scope possibilities
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Chapter 2

2.1 Introduction

Literature Review

Personal mobility is no longer regarded a luxury item, but rather a fundamental aspect of

existence. The expansion in human population has resulted in a global mess in terms of

traffic congestion, but this hasn't discouraged the average man from getting behind the

wheel, and as a result, the number of players in the field manufacturing automobiles for

mass commutation has expanded. Not only has this begun to diminish the most natural

source of energy – crude oil – but it has also begun to degrade the ozone layer. The

growing concern for a green future has prompted lawmakers to establish a framework in

which automotive  manufacturers  and researchers are jointly  responsible  for ensuring a

pollution- free environment through the development of innovative techniques and

procedures. Furthermore,  because to the sharp rise in fuel prices, Darwin's Theory has

been proven correct for these automobile behemoths to build fuel-efficient motors that

work on both conventional and non-conventional fuels.

Because of the strict pollution regulations, recent advancements in the car sector are a

blessing in disguise. For example, in Europe, the EURO Norms (EURO- I, II, III, IV, V, &

VI), in India, the Bharat Stage (B.S) Norms (B.S – I, II, III, IV, & VI), and in the United

States, the Californian Standards [16]. Compression Ignition Direct Injection (CIDI),

Homogenous Charge Compression Ignition (HCCI), Direct Injection Spark Ignition

(DISI), turbulent combustion chambers, and other ignition systems are examples of recent

innovations.

The strategies mentioned above have been used to improve the performance and emissions

of both conventional and non-conventional fuels. Producer gas is a possible alternative

fuel in the near future. It does, however, have its own constraints in terms of volumetric

efficiency, fast burning velocity, and the need for a greater ignition voltage [12].This

chapter summarises the findings of numerous studies on these topics and emphasises the

need for the development of a dedicated Producer gas engine technology.
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2.2 Development of Gasifier

Pratik N. Sheth et al., 2009 proposed a design of downdraft gasifier as shown in Figure

2-  1    for  carry  out  the  gasification  experiments  with  the  waste  generated  while  making

furniture in the carpentry section of the institute workshop [17].

Figure 2-1 Various parts, dimensions and zones of Downdraft Gasifier

The effect of air flow rate and moisture content on biomass consumption rate and quality

of the producer gas generated are studied by performing the experiments and are shown in

Figure     2-2     as follows.

Figure 2-2 Effect of moisture content (for an air flow rate of 2.7765 m3/h) and of air flow
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The performance of the biomass gasifier system is evaluated in terms of equivalence ratio,

producer gas composition, calorific value of the producer gas, gas production rate, zone

temperatures and cold gas efficiency. The relation between them is as shown in Figure 2-3

to Figure 2-6. Material balance is also carried out to examine the reliability of the results

generated.

Figure 2-3 Effect of equivalence ratio on producer gas composition

Figure 2-4 Effect of equivalence ratio on zone temperatures
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Figure 2-5 Effect of equivalence ratio on calorific value of producer gas

Figure 2-6 Effect of equivalence ratio on producer gas production rate per unit weight

Based on the study following fruitful results have been concluded:

 With an increase in the moisture content, biomass consumption rate decreases and

with an increase in the air flow rate biomass consumption rate increases.

 Molar fraction of N2 and CO2 decrease with an increase in equivalence ratio (U) till

U = 0.205, and for higher values of U, they increase. The fraction of CO and H2

shows increasing and decreasing trend exactly opposite to that of N2 and CO2.
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 The calorific value, pyrolysis zone temperature and the oxidation zone temperature

are maximum at U = 0.205. However, the calorific value decreases for an

equivalence ratio ranging from 0.205 to 0.35.

 With an increase in U, the production rate of producer gas continuously increases.

 The value of cold gas efficiency is 0.25 for U = 0.17. It becomes almost double

with a small increase of 0.035 in the value of U. The effect of U on cold gas

efficiency is comparatively lower for higher values of U.

 The optimum equivalence ratio is 0.205 for the downdraft biomass gasifier studied.

J. Hernandez et al., 2008 in their work shows, changes in the producer gas obtained from

the gasification of several types of biomass with different equivalence ratio result in very

similar gas composition and combustion properties (flame speed, adiabatic flame

temperature) as shown in the following Figure         2-7   to Figure         2-9  .   Results suggest a

combined use of the different types of biomass without significant modifications in the

combustion equipment in which the producer gas will be used [18].

Figure 2-7 Effect of Equivalence ratio on producer gas composition

Changes in the synthesis gas compositions result in very similar combustion properties,

mainly at low producer gas/air ratios, which are typical in industrial combustion systems.

24 | P a g e        



Figure 2-8 Effect of equivalence ratio on flame speed

Experimental flame speed of premixed producer gas-air flames is higher than the

theoretical value calculated by using the computational kinetic model CHEMKIN 4.1.1,

because numerically  calculated  flame  speeds  assume  planar  and  laminar  flames  and

experimental flames are curved and turbulent.
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Figure 2-9 Effect of equivalence ratio on adiabatic flame temperature

J J Ramirez et al.,  2007  have developed a practical methodology for the design of a
fluidized bed gasifier for rice husk on pilot scale as shown in Figure     2-10   [19].

It is recognize that the performance of gasifier depends mainly of the equivalence ratio

range being used. The lower limit of the range is determined by the minimal amount of air

required to  oxidize  the  fuel  and  generate  enough  heat  to  maintain  the  gasification

endothermic reactions.  Very  small  values  of  this  variable  would  reduce  the  reaction

temperature and the energy liberation necessary to maintain the reduction reactions. On

the other hand, high equivalence ratios would cause increase in the reaction temperature

because of the greater amount of oxygen, favouring the combustion phase.
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Figure 2-10 Fluidized bed gasifier for Rice Husk

Figure 2-11 Gas power and Yield versus equivalence ratio, Simulation by the proposed model

Figure 2-11 shows the influence of the equivalence ratio into the 0.20 to 0.35 range on the

gas power and volumetric yield.  In simulations,  the fluidization velocity  (0.7 m/s) and

concentrations of CO (12%), CH4 (3%) and H2 (4%) were fixed. The gas power behavior

obtained in above figure is explained by the reduction in the absolute produced gas flow,

due to the smaller amount of rice husk that is used to increase the equivalence ratio.

M.A.  Chawdhury and K.  Mahkamov,  2011  attempted  in  designing,  developing and

testing a small downdraft biomass gasifier JRB-1(6-7 KW) at Durham University, UK as

shown is Figure 2-12 after multiple modification as per the requirement after conducting

experimentations [20].
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Figure 2-12 Final manufactured form and testing of the JRB-1 gasifier

The composition, moisture content and consumption of biomass feedstock (3.1 kg/hr for

wood chips, 2.9 kg/hr for pellets), temperature inside the reaction zone (950-1150o C),

primary air flow rate (0.0015 m3/s) and exit temperature of the producer gas (180-220o C)

was measured.

The main constituents of syngas included nitrogen (50-56%), carbon monoxide (19-22%),

hydrogen (12-19%), carbon dioxide (10-12%) and a small amount of methane (1-2%).

These results  were used in  Engineering  Equation  Solver  (EES) software to  obtain the

lower calorific value of syngas (4424-5007 kJ/m3) and cold gas efficiency (62.5-69.4%)

of  the gasifier,  which  were  found  close  to  the  calculated  values.  Again  the  thermal

efficiency was calculated as 90.1-92.4%.

Being comparatively easy to build, downdraft gasifiers like JRB-1 are likely to be the most

appropriate technology for developing countries as a source of decentralized power supply

and for development in agricultural sector.

Ramzy E. Konda et al, 2014, Design and develop a laboratory scale updraft gasifier (50

kw) for gasification of Oil Palm Frouds (OPF) as shown in following Figure     2-13   [21].
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Figure 2-13 Semi finished and refractory cement insulation of combustion chamber of gasifier

The gasifier is designed using the empirical data from the literature and derived quantities

as  shown in  Figure  2-14  .   The gasifier  was modified  to  be very flexible  allowing the

gasification air to be fed through several locations.
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Figure 2-14 Design dimensions of Updraft Gasifier

The gas produced with the gasification of OPF in this gasifier was flared with stable blue

colour flame through the whole test period; moreover the product gas was successfully

used in a domestic cooking stove as shown in following Figure     2-15  
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Figure 2-15 Synthetic gas burned in a stove burner and for boiling the water

2.2.1 Outcome of Literature Survey on Gasifier design:
After going through the number of literature review, following important points can be

concluded:

 Equivalence ratio plays the very important role in operation of gasifier [10, 11, 12].

 The selection and design of gasifier is purely dependent on the availability of raw

material being available and the cost of its availability at particular location.

 Flexibility of operation with different fuels also plays a vital role in designing the

particular type of gasifier [13].

 Another important parameter is the end use of the producer gas. The end use 

decides the selection of particular type of gasifier [11,13, 14].

 Operating cost of the gasifier also plays the important role in selecting and 

designing the type of gasifier.

 The usage of by-product those are generated from gasifiers and consistency in the

gas quality is very much important for long run [14].

From the above points, it can be concluded that the system which is having lower

operating cost , end use of producer gas, easy to operate, flexible with different type of

fuels and consistent in quality will be preferred for the particular type of application.

2.3 Development of Producer Gas Scrubbing System

P. Hasler and Th. Nussbaumer, 1999 in their investigation presented that tar and particle 

collection efficiencies have been determined in a sand bed filter, a wash tower, two different
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fabric filters, and a rotational particle separator (RPS) in different test runs with fixed bed

gasifiers. Tar adsorption on coke has been investigated in a fixed bed batch reactor [22].

Table 2-1 Gas quality requirement for power generation

Typical values of particles, tar and alkali metals those are required for power generation

through IC engine and Gas turbine are as shown in Table     2-1  

The general behavior for particle collection of conventional gas cleaning systems is shown

in Figure 2-16 Particle collection efficiencies of conventional gas cyclones, wash towers

and swirl scrubbers have a limited collection efficiency for particles <1.5 mm and hence

the particles form biomass.

Figure 2-16 Particle collection efficiencies of conventional gas

In this research different types of filters were used to conduct different set of

experimentation which is shown from Figure         2-17       to Figure     2-20   as follows.
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Figure 2-17 Sand bad filters (Coarse and file)

Figure 2-18 Wash Tower
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Figure 2-19 Schematic of fabric filter for removing tar and particles

Figure 2-20 Rotational particle separator (RPS) with cyclone and cylinder

The results show that the postulated gas quality requirements for IC engines cannot be

safely achieved with state-of-the-art gas cleaning techniques and that  90% particle

removal is easier to achieve than 90% tar removal. Except for the catalytic tar crackers

which are considered as an option for applications above several MW and for gases with a

high tar level,  none of  the  investigated  gas  cleaning  systems can  securely  meet  a  tar

reduction exceeding 90%. Therefore one of the key issues for a successful application of

biomass derived producer gas from small scale gasifers is the tar removal, where further

development is needed.

B.S Pathak et al.,  2007,  presents a  design  and  development  work  of  sand  filter  for

upgrading producer gas to IC engine quality fuel. The developed sand filter was tested for

its performance with SPRERI’S 20 kWe down draft circular throat type gasifier with
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engine set up. The experimental investigations show that the percentage reduction in

tar and
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particulate matters is above 90 %. The total amount of tar and particulate matters was 319

mg N-1m-3 and 53mg N-1m-3 before and after filter respectively [23].

The sand bed filter was designed, developed and tested with the existing 20 kWe down

draft throat type gasifier with IC engine set up for power generation. The area of sand bed

filter was designed for superficial velocity of 0.1 m s-1 and gas flow rate of 60 Nm3h-1 i.e.

the designed flow rate of the gasifier. The sand bed filter rectangular was fabricated from 3

mm thick mild steel sheet and wire meshes fabricated from stainless steel 304 were used to

separate filter bed as shown in the Figure     2-21  .

Figure 2-21 Schematic of regenerative of sand bed filter

The properties of sun dried wood shaves, coarse and fine sand were measured at thermo-

chemical conversion laboratory of SPRERI. The density of wood shaves was 68 kg m-3 at

9.5 moisture content (w.b.). The density and void fraction of fine sand (φ 0.15 – 0.35 ìm)

is 1399 kg m-3 and 43 % respectively. The density and void fraction of coarse sand (φ 0.6

ìm) is 1450 kg m-3 and 46 % respectively. The comparative photographic view of wood

shaves, coarse sand and fine sand before and after test is shown in Figure 2-22.
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Figure 2-22 Comparative photographic view of wood shaves, coarse

The system was extensively tested to evaluate filter performance. The performance

parameters like pressure drop across the filter, temperature of the producer gas at the inlet

and outlet of the filter and inlet and outlet temperature of the spray tower, tar and

particulate matters  in  the producer  gas before and after  the filter  were measured.  The

readings  were taken at  an interval  of  15 minutes.  The experimental  results  of tar  and

particulate matters measured by using field type tar sampler are shown in Table     2-2  .  

Table 2-2 Tar and particulate matters measurement using field type tar sampler

Table 2-2 shows that the cleaning efficiency of the sand filter obtained in the range of 83 –

97 %. It also shows significant reduction in collection efficiency with time because the

filter area was reduced due to deposition of tar and particulate in the filter media. To avoid

this problem  water  shower  can  be  provided  on  the  top  of  each  bed  and  collect  the

contaminated water from the bottom of the filter, which continuously removes the tar and

particulates from the filter media.
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A.G. Bhave et al., 2007, have described the development and evaluation of a compact,

wet packed bed scrubber-based producer gas cooling and cleaning system as shown in

Figure 2-23 , suited for small-scale applications [24].

Figure 2-23 Schematic drawing of wet packed bed scrubber-based producer gas cooling–cleaning unit

Different types of packing materials which are used in this wet scrubber is as shown in

following Figure     2-24  
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Figure 2-24 Packing materials used during development

Performance curves related to wet packed tower including tar and dust removal capacity
are shown Figure 2-25 to Figure     2-26  .  

Figure 2-25 Wet packed tower performance

Figure 2-26 Gas cleaning performance of wet packed bed scrubber-based
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Figure 2-27 Variation of gas cleaning efficiency with inlet gas T+D content

The unit will give a clean gas with tar+dust content below the limit of 150 mg/Nm3 as long

as the inlet gas tar+dust content is below about 600 mg/Nm3. The system is suited for

small scale gasifier–engine system applications and can be scaled up to larger sizes to

provide a compact unit. The scale up can be done by increasing the cross-sectional areas

of the various beds and the water flow rate in proportion to the producer gas flow rate.

Luc P. L. M. Rabou et al., 2009 had gave an overview of the work performed at the

Energy research Centre of The Netherlands (ECN) on tar measurement, tar prevention, tar

cracking, and tar removal. Measurement techniques discussed are the tar guideline, solid-

phase adsorption  (SPA)  method,  and  tar  dew  point  analyzer.  On  the  subject  of  tar

prevention,  the effects of operating conditions, fuel composition, and bed materials in

fluidized-bed gasifiers are covered. Tar cracking results are presented for catalytic

materials, high temperature treatment, and the use of plasma. ECN research on tar removal

involves among others the development of the water-based GASREIP system and the oil-

based OLGA technique [25].

Char from biomass fuels with low ash content shows some activity for tar cracking too.

Because BFB and CFB gasifiers produce a considerable amount of char, we considered

two options  to use the char  for tar  reduction.  The first  option,  given the name STAR

concept, was to add a char hold-up chamber to a Battelle-type gasifier (see Figure     2-28  ).

Experiments showed that the tar content of producer gas could be reduced by 60-80%.

However, the required conditions of at least 1.5 s of contact in a hot zone containing 1.5

kg of char/m3 are difficult to realize in practice.
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The first laboratory OLGA facility had a capacity of 2 Nm3 h-1producer gas. Figure 2-29

shows a simplified flow scheme. It  consists  of a collector,  absorber,  and stripper.  The

collector quenches the producer gas with oil and cools the gas to a temperature above the

water dew point. Part of the tar condenses and mixes with the scrubbing oil. The absorber

removes tar vapor and part of the benzene and toluene by absorption in oil at a constant

temperature. The stripper operates at higher temperature to drive the absorbed

hydrocarbons from the absorber oil. The system contains a cooler for collector oil, to

remove heat absorbed from the producer gas, and a heat exchanger, to reduce the heat duty

in the absorber-stripper loop.  Measured  tar  concentrations  downstream  of  OLGA

correspond to a tar dew point below 0˚C. This concept was afterwards patented by Energy

Research Center of Netherland (ECN).

Figure 2-28 STAR concept for biomass gasification with tar reduction
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Figure 2-29 Simplified flow scheme of the OLGA tar removal system

Samsudin Anish , Z.A. Zainala, 2011 in their review paper presented availability of

different tar removal     technologies. In turbines and internal combustion engines using

producer gas, tar class 5, 4, and 2 becomes a major cause of condensation which can foul

the  engines  and turbines.  Hence,  the  selection  of  tar  treatment  method  to  remove  or

convert tar class 5, 4, and 2 is a challenge of future research in producer gas utilization

[26].

Mechanical/physical treatments including hot and wet gas cleaning processes can

potentially reduce energy conversion efficiency. The novel mechanical treatments such as

catalytic filter and OLGA technology are promising to prevent tar deposit in filter and to

minimize waste water treatment cost due to the pollution of tar compounds, respectively.

Thermal and catalytic conversion methods are more attractive because of the complete

destruction of tar. Besides, the methods have higher energy conversion efficiency.

However, thermal treatments require supply of energy for the high temperature

requirement. Accordingly, there is a need for economical and optimal method.

Basic and acid catalysts although improve the quality of gaseous product, they increase the

ash  content  remaining  after  char  gasification  and deactivated  rapidly  because  of  coke

formation. Char or activated carbon is a cheaper catalyst and naturally produced inside the

gasifier, however coke formation blocking the pores is still a problem that must be solved.
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The use of non-nickel metal catalysts especially rhodium based catalysts were found as the

promising catalyst but they are more expensive than nickel catalysts.
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Hence, study to extend their lifetime is very necessary to make them more commercially

viable. Among all catalysts, nickel catalysts are the most effective to convert tar into fuel

gas. Co-impregnation of nickel on natural catalysts  (olivine,  dolomite,  and zeolite)  can

increase the stability to overcome the carbon deposition, as well as the cost is relatively

inexpensive.

2.3.1 Outcome from literature review of producer gas scrubbing system

Scrubbing system plays a vital role for end application of producer gas (heat or power).
Based on the literature, following important points can be derived.

 Tar is the main element which creates many problems in Internal Combustion engine.[25]

 Selection of type of scrubbing system depends on the availability of the scrubbing

material that is used for scrubbing purpose.

 Initial cost and working cost also plays the vital role in selection the type of

scrubbing system [15, 16, 18].

 Consistency in operation of the same system on longer run is also very important

factor [16, 17].

 Type of process used like chemical, mechanical and other types also plays a vital

role in selecting the type of scrubbing process [19].

Based on the above points, there is a requirement of such a scrubbing system which can be

operated with easily available scrubbing material, having long effective scrubbing life and

which can be easily operated by people is indeed a need of present condition.
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2.4 Influence of Piston Crown Geometry

Shashikantha et al. 1999, conducted experiments on a 17 kW, square, stationary, direct

injection diesel engine converted to operate it  as a gas engine using producer-gas and

compressed natural gas (CNG) as the fuels on two different operational modes called

SIPGE (Spark  Ignition  Producer  Gas  Engine)  and  DCNGE  (Dedicated  Compressed

Natural  Gas Engine).  The  basic  combustion  chamber  is  a  bowl-in-piston  type

(hemispherical  shape) having around 69% squish area  and a  centrally  located  injector

nozzle in the combustion chamber with a flat cylinder head. The desired requirements of

the combustion chamber for producer-gas operation on spark-ignition mode as compared

to the original diesel operation are: low surface to volume ratio so as to reduce heat loss,

squish at 45% (which should lie anywhere between 30 and 50% for better performance of

SI engines), generation of turbulence  by  destroying the  swirl,  locating  the  spark  plug

centrally in the combustion chamber and even shaped combustion chamber. Providing a

shallow “W” (Hesselman) shape to the original combustion chamber can fulfill almost all

these requirements. The original combustion chamber (unmodified piston) and the new

combustion chamber (modified  piston)  are shown  in Figure     2-30  and  Figure     2-31  

respectively [27].

Figure 2-30 View of the bowl and piston bowl (Before Modification)
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Figure 2-31 Bowl volume machines and metal insert in (combustion chamber on piston top - modified)

The variation in Air – Fuel ratio at different loads is shown in Figure     2-32   below. It 

implies that there is not a major difference in the parameters at different loading condition.

Figure 2-32 Air to gas ratio of SIPGE on producer gas operation at 11.5 CR and different spark
timings

The salient performance facets are:

 The engine develops 16 kW when fully loaded as against 17 kW under diesel

operation. The thermal efficiency of the engine is 32% at 15 kW, which is comparable

with the diesel operation.

 Carbon-monoxide levels of this engine remain within 0.25 % to 0.45% throughout the

load range.

 In the major part of the load range the energy consumption graph is practically linear

indicating consistent indicated thermal efficiency.
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 The exhaust temperature of the engine varies in the range of 360 C to 502 C, over the

entire load range.

 The engine performed best at 15 kW, i.e., 13.5 kW, the BSFC being 11.2 MJ/kWh.

This load point is considered as the rated load of SIPGE.

 Producer-gas as well as CNG operation of the converted spark ignition engine

eliminates particulate emission reckoned in terms of smoke density. This is the most

virtuous facet of spark  ignition engines as  compared to  diesel or even dual-fuel

operation.

 The CO and NOx emission of converted engine under operation of either gas are much

lower as compared to diesel and dual -fuel operation. This proves, that SIPGE as well

as DCNGE are much environment friendly machines. The HC emissions are

comparable between CI and SI modes, i.e., both under diesel and dual-fuel, as well as

producer-gas and CNG operations.

 The overall superiority of SIPGE (or DCNGE) concept pertaining to environmental

pollution can be claimed on the basis of particulate elimination, lower NOx and lower

CO.

A combustion chamber designed to increase the burning rate of lean air-fuel mixtures on an

S.I engine is described by R. L Evans , 1992.The chamber utilizes squish motion to

generate a series of jets which significantly increase the turbulence levels in the chamber

during the early phase of combustion. The fuel economy and exhaust emissions resulting

from the new chamber design are compared to a conventional bowl – in – piston design

over a wide range of air-fuel ratios. The new chamber design results in an increase in the

combustion rate as shown by a reduction in MBT spark advance during lean operation.

The faster burning rate leads to a reduction in the brake specific fuel economy of some 5

%  compared  to  the conventional  chamber  design.  Emission  measurements  show  an

extension of the lean limit of the operation  and a reduction in  hydrocarbon emissions

during lean operation. The extended lean limit also enables reduced emission of nitrogen

oxide compounds to be achieved [28].

Against the base case ( see Figure         2-33   a ), three squish-jet combustion chamber

configurations were utilized in this study and designated as UBC#1, UBC#2 and UBC#3

and are illustrated in Figure     2-33   b to d.
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Figure 2-33 Squish jet combustion chamber configuration

It was summarized that higher turbulence levels lead to faster burning rates. The faster

burning rates leads to an average 5 % reduction in brake specific fuel consumption. The

best chamber  tested  the  UBC # 3 design,  appears  to  be  able  to  meet  all  of  the  EPA

emission regulations under full load at all values of the relative air-fuel ratio without the

use of a catalytic converter.

Ballapu et al. 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 [29]. Figure 2-34 to  Figure 2-36 show the tumble vortices for all pistons at the
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center of the combustion chamber at an engine speed 1000 rpm, at the end of suction

stroke. The
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comparisons of in-cylinder velocity vector for different pistons were obtained from the 

CFD analysis and the same were compared with PIV experiments [29].

Figure 2-34 Comparison of in cylinder velocity plots by CFD and PIV analysis for a flat piston at 540
CAD. (a) CFD (b) PIV

Figure 2-35 Comparison of in cylinder velocity plots by CFD and PIV analysis for a flat with
central bowl piston at 540 CAD. (a) CFD (b) PIV

Figure 2-36 Comparison of in cylinder velocity plots by CFD and PIV analysis for inclined with center
bowl piston at 540 CAD. (a) CFD (b) PIV
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Figure     2-37   to Figure     2-39   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.

Figure 2-37 Comparison of TKE and TR for flat piston

Figure 2-38 Comparison of TKE and TR for flat-with-center-bowl piston
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Figure 2-39 Comparison of TKE and TR for inclined piston
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Yamakawa et al. 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 [30].

Figure 2-40 Shape of the piston top for each compression ratio

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     2-40  .

Figure 2-41 a-b Effect of compression ratio on combustion speed

Figure     2-41   a-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 2-42 Effect of tumble and flame in cylinder of transparent engine

Figure 2-42 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 2-43 Relation between CR and fuel consumption
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Figure 2-43 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 2-44 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     2-45   shows the improvement of constant volume degree by 3.8% and apply the

same ignition timing as that of convex piston.

Figure 2-44 Comparison of air motion and flame between convex and cavity piston

Figure 2-45 Heat Release rate comparison between convex and cavity piston
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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.

J. Li et al. 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 [31].

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.

Chanphavong L. and Z.A. Zainal, 2019 do the research on characterization and

challenge of development of producer gas fuel combustor. New combustion concept has

been experimented  to  optimize  with  producer  gas  fuel.  In  this  regard,  several  flame

stabilization techniques such as swirl-vane with bluff-body, swirling flow combustor, and

staging combustor  were  employed  to  enhance  the  stability  and  performance  of  the

producer gas combustion.  The combustion processes were operated in a wide range of

thermal loads within about 5 – 800 kW and equivalence ratios within 0.5 – 1.4. The flue

gas temperature was greater than 600C, which is sufficiently hot for heating and power

generation processes[32].

NOx and CO emissions were detected in the range of about 100 – 700 ppm and 0.21 –

1.34%, respectively for the conventional combustion mode and below 100 ppm was

observed for both NOx and CO in flameless combustion mode. However, higher NOx and

CO emissions can be found when operated at higher thermal combustor. They have been

successfully conducted on fueling producer gas in flameless combustion mode. It shows

that substantial quality enhancement of producer gas and specific burner configurations
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are not necessary. Combining producer gas fuel derived from renewable energy source

with
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flameless combustion mode  will result in ultra-low level of  polluting emissions. The

uniform thermal field and high-temperature environment of flameless combustion will

assist in burning out remaining fuels and other contaminants, overcoming the low heating

density of producer gas. Hence, utilization of producer gas in flameless combustion is

more feasible in economic and environmental point of views.

2.4.1 Outcome of Literature Survey on 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. [20,21,22]

 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. [22,24,25]

 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. [20,22,25]

 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.

[20,24]

 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[24,25].

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

performance of the engine.[20-25]
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2.5 Influence of Compression Ratio

Sridhar et al., 2005  done experimental result analysis of a systematic investigation on

producer gas operated internal combustion engine at higher compression ratio (CR). The

primary investigation was conducted on the engine of 24 KW capacity. Experiments were

conducted on a spark ignition (SI) engine converted from naturally aspirated, three

cylinder, direct injection diesel engine (RB33 model) of a compression ratio (CR) 17. The

knock sensitivity identifies the Highest Useful Compression Ratio (HUCR) for most of the

fuels having higher octane number. For higher octane fuels, it has been experimentally

established that the upper limit  of CR is 17 beyond which there is a fall  in efficiency

(Caris & Nelson, 1959) [12].

The diesel engine has been converted into producer gas engine by replacing fuel injectors

with spark plugs. The combustion chamber comprised of a flat cylinder head and slightly

offset bowl-in-piston was retained (Figure 2-46). The compression ratio was varied (17,

14.5, 13.5 and 11.5) by changing the thickness of cylinder head gasket, thereby altering

the clearance volume.

Figure 2-46 Engine's combustion chamber
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The power developed and other important performance parameters of an engine operating

on biomass generated producer gas at varied compression ratio results are presented below

Table     2-3  

Table 2-3 Maximum net output at varying CR

At CR=17, the engine delivered a maximum net brake output of 20 kW (17.5 kWe) at an

efficiency of 30.7% compared to 24 kW (21 kWe) brake output at 33% efficiency with

diesel (compression ignition mode). The efficiency calculation is based on the ratio of net

brake output to the energy content of the air and gas mixture (gas-to-shaft power). The

useful output and efficiency decreased with the lowering of CR. A maximum net brake

output of

17.6 kW (15.3 kWe) at an efficiency of 27.5% was obtained at CR of 11.5. The power

output at intermediate CR of 14.5and 13.5 were 18.8 and 18.6 kW respectively and with

efficiencies  around 29%. The efficiency at  CR = 13.5 was comparable to  that at  14.5

probably due to relatively leaner operation. The extent of de-rating in brake power was

about 16.7% at CR = 17 and increased to as high as 26% at CR = 11.5 compared with

baseline operations in diesel mode.

The incremental gain in maximum power and efficiency per unit CR is well within the

range quoted in literature. The gain in power was between 2.2 and 2.6 per unit CR, but the

gain in efficiency was marginally lower. However, these figures are well within the range

of 1 to 3% gain per unit increment of CR reported by Heywood (1988)[33].

Eric et al. investigated the Compression Ratio (CR), spark timing effects, 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 [34].
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Sayin et al. 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
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of 17, 18 and 19 were used. The investigation concluded that increase in CR improved the

BSEC and reduced HC and CO emission respectively [35].

Wardzinski  et  al.  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 [36].

Figure 2-47 Effects of stroke lengths of piston on the ε

Figure 2-47 shows effects of stroke lengths of piston on the ‘ε’ value. The displacement

volume of the engine becomes smaller at higher CRs.

Figure 2-48 Fuel Consumption & Engine power dependency on the ε

Figure 2-48 shows the fuel consumption dependency on the ‘ε’. It clearly shows that fuel

consumption is depends on engine cycle variations. It also shows the profile of the engine

power found from engine torque.
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Figure 2-49 The effective & mechanical efficiency dependency on the ε

Figure 2-49 presents the dependence of the effective efficiency on the CR is similar to that

of the thermal efficiency. It also 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.  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 [37].

Figure 2-50 Fuel consumption & improvement in thermal efficiency for various CR

Figure     2-50   shows the BSFC results at various CRs. The effect of increasing CR

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

59 | P a g e        



Chapter 2: Literature Review

due  to various losses.  Figure     2-50   shows  that increase in CR  improve the  thermal

efficiency.
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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. Kim et al. 1999, investigated NMHC, CO2, CO and NOx emissions from a four-

cylinder SI engine fuelled with different gases at two CRs. The CO2 emissions decrease 

for lean mixture at the higher CR [38].

Figure 2-51 NOx, CO, CO2, NMHC, SR, fuel components and BSR emissions under lean burn 
conditions

Figure     2-51   shows that at higher CR the NMHC emission were more and there were a

little effects of CR on NMHC for natural gas due to methane content in it. Higher CR and
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lean burn method increases the engine efficiency and decreases the NOx and CO2

emissions.
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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.

2.5.1 Outcome of Literature Survey on influence of Compression Ratio

 Producer gas is having high knocking stability due to higher octane rating of 105-

110 and presence of hydrogen allows at higher compression ratio. Increasing CR

enhances the brake power output, brake thermal efficiency and improves BSFC.

[8,27,28,29,30,31, 33]

 The increase in CR leads to decrease in emissions of NOx and CO and increase in

HC emission. [8,26,27,31]

 Increasing CR also improves the turbulence and combustion and due to that

performance of an SI engine fuelled with producer gas. [26,27,29,30]
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2.6 Stroke to Bore (L/D) Ratio

Rajesh C Iyer et al. 2009 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 [40].

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     2-52  shows the crankshafts for LDR 0.9, 1.0 and 1.1 respectively.

Figure 2-52 Crankshaft at L/D = 0.9, 1.0, 1.1

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. 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 [41].

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.

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     2-53  
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Figure 2-53 B/S reductions at constant cylinder displacement

Figure     2-54   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,

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.

Figure 2-54 Auto Ignition HRR and In Cylinder Pressure at different B/S and constant displacement

Benajes et al. 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
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4-stoke HSDI  compression  ignition  engine  was  used  with  different  B/S  ratios

configurations and engine operating conditions at constant compression ratio [42].
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Figure 2-55 Piston bowl geometries with various B/S values

Figure 2-55 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.

Figure 2-56 NOx (a) and soot (b) normalised by the reference B/S case at high speed load operating 
point

Figure     2-56   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:
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 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.

Vassallo et al. 2013, investigated the influence of B/S ratio on combustion performance 

by Design of Experiments (DOE) methodology [43].

Figure             2-57       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 2-57 B/S ratio sharing for passenger cars CI engines and B/S Vs Unit displacement (right)

Figure 2-58 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     2-58   (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 2-58 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.

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
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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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Figure 2-58 Result of bore-stroke ratio (B/S) on full load performance

Lee et al. 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 [44].

Xinyan Wang et al. 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
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showed that lower S/B ratio improved charging efficiency, delivery ratio, and scavenging

efficiency [45].

Figure 2-59 Influence of B/S ratios on SR, TR and CTR at 280°CA

Figure 2-59 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 2-60 Evolutions of swirl ratio for various B/S ratios
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Figure 2-60 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.

Figure 2-61show 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).

Figure 2-61 Evolutions of TE, SE and SE with DR for different B/S ratios

Figure     2-62   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.

Figure 2-62 Influence of SOA on swirl ratio (SR) at 280°CA with various B/S ratios
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As shown in the  Figure 2-63 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.

Figure 2-63 Evolutions of CE with DR for various axis inclination angle (AIA)s and B/S ratios

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. 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 [46].
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Figure 2-64 Variations of indicated specific fuel consumption versus the S/B ratio

Figure 2-64 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 2-65 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 2-65 Change of Mean Indicated Pressure versus the S/B ratio

Figure 2-66 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.
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Figure 2-66 Variations of indicated powers versus the S/B ratio

Figure     2-67   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.

Figure 2-67 Variations of thermal efficiency versus the S/B ratio

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.

2.6.1 Outcome of Literature Survey on influence of Stroke to Bore (L/D) Ratio

 A smaller surface/volume ratio near TDC is caused by a higher S/B ratio, which

reduces the flame contact area with the cylinder wall and the resulting heat transfer

loss. As a result, enhanced combustion efficiency and indicated thermal efficiency

with greater S/B ratio was achieved due to faster burning and lower heat loss

during combustion. [32,33,35,37]

 NOx emissions rose when the S/B ratio increased, resulting in quicker mixing and

combustion. The greater S/B ratio was favoured by CO and HC emissions.

[32,37,38]

 The lower S/B ratio allowed for broader bowls, which allowed for a faster and

more efficient combustion process. As a result, at lower L/D ratios, emission levels

tend to drop. [33,34,35,36]

 A lower S/B ratio results in a more compact combustion chamber, which increases

mechanical efficiency and enhances engine performance.

 Lower S/B ratios resulted in good volumetric efficiency at high engine speeds. The

delivery ratio,  charging efficiency, and scavenging efficiency all  benefit  from a

lower S/B ratio.

 A little modification in the S/B ratio might improve heat transfer, mixing time, or

friction, resulting in a boost in engine efficiency or power density. The S/B ratio

had an important influence in improving combustion efficiency. [33,36,37]

 During the suction stroke,  the S/B ratio  has a significant  impact  on in-cylinder

operations,  primarily  flame propagation,  heat  transfer,  and turbulence  intensity,

affecting the HRR, in-cylinder peak pressure, power, and NOx emissions.

[32,35,38]
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Chapter 2: Literature Review

2.7 Influence of Ignition System

Sridhar et al. 2001 done experimental result analysis of a systematic investigation on

producer gas operated internal combustion engine at higher compression ratio (CR). The

primary investigation was conducted on the engine of 24 KW capacity. Experiments were

conducted on a  spark  ignition  (SI)  engine  converted  from  naturally  aspirated,  three

cylinder, direct injection diesel engine (RB33 model) of a compression ratio (CR) 17. The

combustion chamber comprised of a flat cylinder head and slightly offset bowl-in-piston

as  shown in  Figure  2-68 The compression  ratio  was varied  (17,  14.5,  13.5,  11.5)  by

changing the thickness of the cylinder head gasket, thereby altering the clearance volume

and then effect of different ignition  timing were studied [12].

Figure 2-68 Engines combustion chamber

The net brake output with producer gas at varying igniting timing for all  the four
different CRs tested is shown in the following Table 2-4.

It is evident from the above data that ignition timing had to be retarded with the increase in

CR in order to obtain higher output.  This is because the thermodynamic conditions in

terms  of pressures  and  temperature  are  more  severe  at  higher  CR  and  thereof  the

combustion is faster thus calling for the optimum ignition timing to be located close to TC.
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Table 2-4 Maximum net engine output as a function of ignition timing at varying CR

The maximum output  was recorded at  an ignition  advance  of  6°  BTC at  CR=17 and

increased to about 15 - 17° BTC at a CR=11.5. At intermediate CR of 14.5 and 13.5 the

ignition advance was 10 and 14° BTC respectively.  The fuel-air equivalence ratio was

about 1.06 + 0.5 in most of the cases, with efficiency of 30.7 and 27.5% corresponding to

maximum output at higher and lower CRs respectively.

Figure 2-69 p-Ɵ recording corresponding to maximum brake output at different ignition advance and
varying CRs
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The pressure crank angle (p-Ɵ) recording is as shown in Figure 2-69 at difference ignition

advance varying CRs. It is clear from these curves that smooth and normal combustion

seemed to occur even at advanced ignition timing of 33° CA corresponding to CR of 17.

Faster burn rate due to presence of hydrogen in the fuel gas could be the principal factor

for the no-knock performance. The effect of the ignition advance on the pressure history is

evident from the above curves. There are substantial differences in the maximum cylinder

pressure and their point of occurrence. The ratio of maximum cylinder pressure between

the highest and the lowest CR at corresponding ignition timing is about 2.

The net work delivered over a complete cycle can be found by integrating the pressure

volume (p-v) data over the four processes. This had also helped in identifying the optimum

ignition timing for a given CR - commonly referred as MBT (Maximum Brake Torque).

The net indicated mean effective pressure (IMEP) obtained from the integrated p-v data is

a measure of effectiveness  with  which  an  engine  of  a  given  volumetric  displacement

converts the input energy into useful work. The IMEP obtained from ensemble average p-

v data (~ 30 cycles) at varying CR as a function of ignition timing is shown in Figure 2-70

At CR=17, the maximum IMEP recorded is 5.98 bar corresponding to an ignition timing

of 6° CA and this declined to

4.85 bar with ignition timing being 15° CA at CR of 11.5. These values are obtained at Φ =

1.08 + 0.2 and fall within the anticipated value of Φ = 1.0 to 1.1 (Heywood,1988). It is

also evident from the plot that variations in the IMEP values are modest between ignition

timings of 6 and 12° CA corresponding to CR=17.

Figure 2-70 Variation of IMEP (Net) with ignition advance at various CRs
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The Nitric oxide (NO) emission from the engine was measured. The variation of NO in

gas mode at varying CR with ignition advance is shown in Figure     2-71  .The NO level

reduced with the retardation of ignition timing and this feature is observed for all CRs.

The  NO level  is observed  to  be  maximum at  the  highest  CR with  advanced  ignition

timings, whereas in the MBT range of 6 to 20° BTC the NO is lower and comparable in

almost all the cases. It is well known that NO generation is strongly dependent on the

temperature, oxygen availability and residence time in the combustion chamber. With the

flame speed of the gas mixture being high, the ignition setting is retarded whereby the

residence  time  in  the  high  temperature  combustion chamber  is  automatically  reduced.

Therefore the low NO levels at retarded ignition setting are an expected and consistent

behavior.  The above results match well  with those quoted by Heywood [1988], which

shows small to modest variation of NO with CR.

Figure 2-71 Variation of NO with ignition advance at various CRs

Erkus et  al. 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[47].
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Figure 2-72 Change in (a) BP, (b) volumetric efficiency, (c) BSFC and (d) BTE with various excess air
coefficients and ignition timings

Figure     2-72   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 2-73 Change of (a) CO, (b) HC and (c) NOx emissions at different excess air coefficients 
with ignition timings

Figure  2-73 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.

Lawankar 2013, investigated the influence of ignition timing and CR on the performance

of SI engine fuelled with LPG [48].

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.

Figure 2-74 Comparison of pick BTE at different CRs, for petrol and LPG fuel

Figure     2-74   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.
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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.

S.  Maji  et  al.  2000,  compared  the  emissions  and  fuel  consumption  from  CNG  and

gasoline fueled vehicles and also studied the effect of ignition timing on 970 cc, 4 – Stroke

S.I engine [49]. Tests were conducted for fuel consumption and mass emissions with a

variation  of  spark timings.  The  influence  of  ignition  timing  on  fuel  consumption  in

gasoline mode and on CNG mode under Indian Driving Cycle (IDC ) mode and constant

rpm is shown in Figure 2-75 and Figure     2-76   below :

Figure 2-75 Effect of ignition timing on fuel consumption in gasoline mode

Figure 2-76 Effect of ignition timing on fuel consumption in CNG mode

HC and CO emissions were found to be maximum in a range of 10 to 16 BTDC and

they reduce at retarded timings may be due to lower cycle gas temperature at these

timings, while
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reduction  in  hydrocarbons  at  retarded  timings  is  attributed  to  higher  exhaust  gas

temperatures. CO was found to be minimum at 10 BTDC. The effect of Air-fuel ratio on

conversion efficiency of the catalytic converter in CNG mode is shown in the Figure 2-77

and in Figure 2-78 below.

Figure 2-77 Effect of Air-fuel ratio on conversion efficiency of the catalytic converter in CNG mode

Figure 2-78 Conversion efficiency for CO, HC and NOx for a 3-way Catalytic converter as a
function of Air-Fuel Ratio

However, it was found that:
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 The fuel consumption in terms of kilometer per litre is better with CNG

operation as compared to gasoline operation.

 Best fuel economy is achieved at an ignition advance of 10 BTDC for gasoline

and 24-26 BTDC for CNG operation.

 CNG gives significantly less CO emissions as compared to gasoline under

constant speed and IDC operations.

 Palladium rich catalytic converter gives maximum conversion efficiency at the air-

fuel ratio 19 to 20.

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

an SI engine [50]. 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.

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.  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 [51].

Abe et al. 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.
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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 [52].

Figure 2-79 Intake manifold pressure and cylinder pressure relationship at TDC at various CR

Figure 2-79 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.
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2.7.1 Outcome of Literature Survey on Ignition System

 Producer  gas  is  having  higher  laminar  flame  velocity  Its  combustion  period  is

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

requires higher spark advance [8,22,40,43].

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

lean burn capability for producer gas fuelled SI engine.[39,41, 47]

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

produced by the producer gas fuelled SI engine was found maximum. [8,40,43]

 Producer  gas  fuelled  SI  engine  was operative  within the ignition  advance  (IA)

range of 20-40° CA bTDC both the conditions in wide open and partial throttle

condition.[8,41,43,44, 48]

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

for advancing the ignition timing for producer gas fuelled engine. [8,40,44]

 By advancing the ignition timing homogeneous and superior combustion in the

producer gas fuelled SI engine was achieved.[55]

 Higher compression ratio engine required higher demand of voltage and ignition

system.[8,32,39]

 At  very  advanced  spark  timing,  HC  emissions  were  found  to  decrease  with

increasing spark advance. [8,32,40]
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2.8 Conclusions derived from the Literature Survey

The ongoing effort  to create  breakthrough solutions for the long-term sustainability  of

fossil fuel  depletion  and  reduction  of  global  environmental  emissions  has  yielded

incredible results. From the wells to the wheels, the improvements have come a long way.

Non-conventional fuels have opened the way for gasoline and diesel engines.

A large number of research publications from peer-reviewed journals were investigated in

the lieu of developing a dedicated producer gas engine technology. Due to low density,

rapid flame speed, and lack of fuel evaporation, the de-ration of the producer gas fuelled

SI engine is roughly 45-60% when compared to gasoline, according to the literature. 

Higher compression ratios are possible since producer gas has a high knocking stability.

Furthermore, features like as piston crown shape, ignition timing, dual sparking system,

and stroke to bore ratios have an impact on the performance of existing producer gas

engines, therefore optimising these parameters could lead to the creation of a dedicated

producer gas engine technology.

 Producer gas is an environmentally beneficial, renewable, and clean-burning fuel 

that can be used as a substitute for conventional gasoline and diesel in automobiles.

[8,10,12,14].

 Higher H2 concentrations in producer gas result in faster combustion, which

results in higher thermal efficiency, power, and BSFC for producer gas-fueled SI

engines.

[8,20, 45].

 Producer gas has a high knocking stability due to its higher octane rating of 105-

110 and  the  high  burning  velocity  caused  by  the  presence  of  hydrogen  as  a

constituent. 

 The presence of inert (CO2 and N2) in the raw gas may aid pre-flame activities that

generate knocking due to increased dilution. [32] This enables a higher

compression ratio (CR), which improves braking power output, brake thermal

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

 Producer gas has a laminar flame velocity of 50 cm/s, which is roughly 30% higher

than methane [14,17,18, 23,47,69]. This feature necessitates a lower advancement

in the engine's ignition timing while using producer gas fuel. [22,23,24,31,37].
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 As CR rises, NOx and CO emissions decrease in general, while HC emissions rise

[16, 17,  22,  30,  31,  32].  CO2  removal  in  producer  gas  improves  combustible

content in the gas, improving performance and lowering HC emissions for lean

blends. [17,70]

 The shape of the piston crown geometry is  important  for improving turbulence

levels, which improves engine performance and reduces emission characteristics

[20,22,23,25].

 Choosing a piston with larger crevices on its crown improves turbulence levels and

combustion,  which  improves  engine  efficiency  and  reduces  engine  tail  pipe

emissions in a spark ignition engine [8,21,22,23,24,25].

 For producer gas fuelled engine, the optimal performance parameters (BP, BTE,

BSFC and MBT) are  obtained when the  ignition  timing is  advanced.

[8,32,39,41,44]

 A smaller surface/volume ratio around TDC is caused by a greater L/D ratio, which

reduces the flame contact area with the cylinder wall and the heat transfer loss

associated with it.[56] As a result, the combustion efficiency and indicated thermal

efficiency with greater L/D ratio improves due to faster burning and lower heat

loss during combustion. [32,33,34,35,36,37]

 NOx emissions increased for bigger L/D ratio engines due to quick mixing and

combustion [32,35]. The higher L/D ratio engines  have lower CO  and HC

emissions.

 Because the L/D ratio is lower, bigger bowls are possible, which improves the

combustion process at high speeds and loads. As a result, with lower L/D ratios,

emission levels tend to decrease [32-38].

 Because producer gas has a greater laminar flame velocity of 50 cm/s, combustion

is quick and the combustion period is short, affecting engine performance. The L/D

ratio can be fine-tuned to optimise combustion rates, heat transfer, and mixing

time, resulting in a boost in engine efficiency [8,20,23,29,33,41].

In summary, the literature review clearly demonstrates the need for dedicated producer gas

engine technology to compete with gasoline engines operating in similar conditions and

configurations.
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2.9 Objective and Proposed Techniques

According to the literature, producer gas engines are a retrofit technology (petrol/diesel

converts) that typically deliver 45-60% lower performance than gasoline/diesel engines

due  to gas  properties,  and  the  cost  of  these  engines  is  extremely  high  because  most

producer gas engines are SI/CI engine converts. Low density, low volumetric efficiency,

fast laminar flame speed, and no fuel evaporation are among the variables. For optimal

combustion of the charge inside the cylinder, producer gas engines require a compact and

turbulent combustion chamber. Because of the higher octane rating of 105-110 and the

rapid burning velocity due to the presence of hydrogen, producer gas has a high knocking

stability. Second, the presence of inert in the raw gas (CO2 and N2) may facilitate the pre-

flame  processes  that  cause  knocking  due  to enhanced dilution. Also, because the

maximum flame temperature achievable with the producer gas is lower  than that  of

common fuels like methane, better knock resistance is expected.

Furthermore,  the  performance  of  the  existing  producer  gas  system  is  influenced  by

parameters such  as  piston  crown geometry,  ignition  timing,  stroke  to  bore  ratios  and

ignition  system, therefore  optimising  these  parameters  could  lead  to  the  creation  of  a

dedicated producer gas engine technology. In order to address the aforementioned issues,

the current study effort examines a variety of ways for improving the performance of a

small producer gas-fueled SI engine in the 100cc category.

The following are the aims of the current work, which are based on the conclusions drawn

from the literature and are intended  to help create dedicated producer gas engine

technology:

 To compare the engine's performance in its current state on gasoline and producer 

gas fuel.

 Using an experimental technique, assess the significance of the piston crown 

geometry desired to induce turbulence inside the combustion chamber.

 To assess the performance of a producing gas engine with a variety of 

compression ratios (CR), ideally increased compression ratios.

 Using an experimental technique, evaluate the performance of a producer gas 

engine at various stroke to bore (L/D) ratios.

 Using an experimental technique, investigate the effects of changing ignition 

timing on engine performance.
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 Using  an  experimental  technique,  evaluate  the  performance  of  a  producer  gas

engine with a twin spark ignition system.

 To assess and compare the performance of the SI engine with gasoline and

producer gas as a fuel in all of the above conditions.

 As a result of this research, we will propose a dedicated producer gas engine

technology for two-wheelers in the 100 cc range that can provide comparable or

better performance and emission characteristics than a gasoline counterpart.
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Chapter 3

Research Methodology

3.1 Introduction

The goal of the research is to develop a dedicated producer gas-fueled small SI engine

technology for mobile and stationary applications in the 75-125 cc category that can

deliver the   equivalent or better power output and  consuming less fuel than a gasoline

engine of the same                                              capacity. In general, such small SI engines, when coupled

with  a  low-power  alternator  of  less than  1  kWe,  are  appropriate  for  electrification  in

distant  rural  areas  that  are  still  not  connected to  the  grid  or  have  restricted  access  to

electricity. Extensive experimental investigations were carried out in stages to arrive at an

appropriate configuration in order to develop a dedicated producer gas engine technology.

The experimental study presents the performance findings of a small 98cc, single-cylinder,

four-stroke cycle gasoline engine that has been tuned to run on producer gas through a

series of                                engine and component modifications. The endeavour to build a dedicated

producer gas engine           technology is being done in stages. The effect of piston crown

geometry, compression ratio (CR), stroke-to-bore (L/D) ratio, changes in ignition timing

and multiple ignitions are investigated in this research work to evaluate the performances

using producer gas as fuel and comparing the same with gasoline at every possible stage

with the results obtained during experimental tests. The road map was created based on the

following set of criteria.

1. Selection of an appropriate gasification system capable of consistently producing

high- quality producer gas, as well as a scrubbing system to remove impure and

inert elements  from the gas.

2. Selecting an engine and alternator that will meet the needs of the experiment.

3. Selection of different crown geometries of pistons that could fit in a single bore of

the engine of choice.

4. Development of a performance evaluation engine test rig.

5. Modifications in the engine to perform test at various L/D ratios.

6. Modification  in  ignition  timing  to investigate the impact of changing the

ignition timing                       on the performance of a producer gas engine.
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7. Cylinder block modification to achieve augmented compression ratio wherever

necessary.

8. Modification to the cylinder head to investigate the impact of a multiple-spark ignition
system.

This road map is detailed in the next sections of this chapter.

3.2 Development of Gasifier and Scrubbing System

The production of generator gas (producer gas) by gasification is partial combustion of

solid fuel (biomass) which takes place at temperature about 1000˚C. The reactor is called

as gasifier. In gasification, the products of combustion are combustible gases like Carbon

Monoxide (CO), Hydrogen (H2) and traces of Methane and non-useful products like tar

and dust.

The key to design a gasifier is to create conditions such that (i) biomass is reduced to

charcoal                  and (ii) charcoal is converted to CO and H2 at suitable temperature to produce.

Since  there  is an  interaction  of  air  or  oxygen and  biomass  in  the  gasifier,  fixed  bed

gasifiers are classified according to the way air or oxygen is introduced in it. There are two

types  of  gasifiers: downdraft and  updraft.  The  fuel,  its  final  available  form,  its  size,

moisture content and ash content, dictates the choice                     of one type of gasifier over the

other type.

3.2.1 Updraft Gasifier

In the updraft gasifier, the flows of the fuel and gases are countercurrent to each other.

[57] The re active agent is injected at the bottom of the reactor and ascends to the top

while  the  fuel  is introduced  at  the  top  and  descends  to  the  bottom through  zones  of

progressively increasing temperatures (drying, pyrolysis, gasification and oxidation). [58] 

Heat from the gasification and                                  oxidation zones rises upward to provide energy for

the pyrolysis and drying zones. Gases, tar  and other volatile compounds are dispersed at

the top of the reactor while ash is removed at the  bottom. The producer gas contains high

level of tar which must be removed or further converted  to syngas for use in applications

other than direct heating [46,47,47].

In updraft gasifier, the amount of oxygen feed for the combustion reaction is carefully

controlled such that the temperature of the combustion zone does not reach the slagging
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temperature of the ash, causing operational problems. The gasification temperature may be

controlled by mixing steam and /or flue gas with the gasificatin medium.  
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Updraft gasifier has following advantages as compared to downdraft and based upon 

that                                   following design as shown in Figure     3-1   has been finalized.

 Small pressure drop

 Good thermal efficiency

 Little tendency towards  slag formation

 Feasible for very small particle size of fuel

 Design tends to be small

Figure 3-1 Updraft gasifier Design

Development and fabrication stages of main components of updraft gasifier are shown in

Figure 3-2 which includes development of gasification zone, outlet cylinder and hopper.

Final assembly of the same gasifier is as shown in Figure         3-3  .
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Figure 3-2 Development Stages of Updraft gasifier

Critical components of gasifier are as follows:

A. Gasification zone assembly (top view)
B. Gasification zone assembly
C. Outlet cylinder with air supply pipes
D. Hopper
E. Gasification assembly
F. Venturie portion
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Figure 3-3 Updraft gasifier Assembly

In this gasifier biomass is feeded from the top in the hopper and air is supplied from the

middle                           in the gasification zone. Producer gas comes out from the upper side of the

gasifier as shown in                                           figure. Ash generated due to gasification was collected from

the bottom portion of the gasifier.

Final test setup comprises of Updraft  gasifier,  engine test rig, load bank and

parameter measuring instruments is shown in Figure     3-4  .  

Figure 3-4 Test Setup with Updraft Gasifier Assembly
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After conducting several trials on updraft gasifier with different fuels, we come to know

that the gas  output  of  this  gasifier  is  not  adequate  for  satisfying the  engine  need and

following important points have been concluded.

 Updraft gasifier is having great sensitivity to tar and the moisture content of fuel

which  cannot be control by us.

 Relatively long-time is required for start-up of Internal Combustion engine.

To overcome the above limitation, we have gone through different literature review and

decided  to go with downdraft gasifier for further experimentation work.

3.3 Downdraft Gasifier

The downdraft gasifier or concurrent gasifiers are the most common type of  gasifiers. In

this gasifiers, biomass feedstock is fed from the top while air is passed downwards and

producer gas leaves from the bottom of the gasifier. In the downdraft gasifier, the air is

passed from the tuyers in the downdraft direction. In the downdraft gasifier, the pyrolysis

products  are  allowed to pass through the high temperature oxidation zone where they

undergo further decomposition. 

The fuel is introduced at the top and   the reactant agent is introduced through a set of

nozzles  on the side of the reactor.  The position of  the oxidation  zone zone is  critical

parameter in the design of downdraft gasifier. Moisture evaporated from the biomass fuel

serves as a reactive agent. The producer gas leaves the gasifier   from the bottom and

contains substantially less tar than updraft gasifier, which reduced the need           of cleaning

and is, therefore, more suitable for a wider variety of application [48,49,50].

This gasifier has following silent features.

 Flexible adoption of gas production according to load.

 Low sensitivity to charcoal dust and tar content of fuel.

 Easy to start and stop.

 Flexible with fuel size.

Final design of selected Downdraft Gasifier is as shown in following  Figure 3-5 which

shows different zones like drying zone, pyrolysis zone, oxidation zone and reduction zone.
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Figure 3-5 Downdraft Gasifier Design

Figure     3-6   shows different development stages of Downdraft gasifier.
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Figure 3-6 Development Stages of Downdraft Gasifier

Initial trial run conducted on downdraft gasifier is as shown in the following Figure 3-7 in

which the air  required for gasification is supplied from the middle portion/zone of the

gasifier with the help of variable speed blower and the producer gas is getting extracted

from the bottom                                portion.

.

Figure 3-7 Initial Trial on Gasifier
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Standard Operating Procedure (SOP) of Gasifier is as follows:

1. Before starting the gasifier make sure that feedstock is sufficiently dry and

having                                 proper quality. 

2. Fill gasifier with available feedstock.

3. Fill water in proper quantity in upper and lower water jacket.

4. Make all connection for air supply, gas output, electricity etc. Initial firing is

done by                       wrapping cloth on a rod.

5. Connect blower at the gas outlet and introduce the firing cloth wrapped rod at the

air  inlet.

6. Start blower and keep running it unless it shows reddish/orange flame inside

the                     combustion zone.

7. Remove  blower  from gas  outlet  pipe  and  connect  air  supply  pipes  which  are

connected                       to main blower.

8. After getting white smoke type gas from gas outlet insert the fire cloth wrapped

rod and                     watch the changes. Whether firing is taking place or not?

9. If reddish flame is observed then connect that pipe assembly to the gas outlet from

the                        gasifier. The other end of same assembly is connected to water scrubber.

10. Observe the scrubbing process. Outlet of the scrubber is connected to burner.

11. Now try to fire the burner with firing cloth wrapped rod. Observe change in colour

of the flame.

12. Keep running in the same situation unless it needs to shut down gasifier.

13. Stop air supply from the main line to shut down gasifier.

14. Wait until the gas output from the gasifier stops.

3.4 Modification Stages in Downdraft Gasifier

After conducting several trials on gasifier which is fabricated as per above design, some

issues  related to operation have been noticed as follows.

 During the first 3-4 hour operation, proper quantity and quality of producer

gas is  generated but after that quantity and quality of producer gas deteriorates.

 Top lid of the gasifier from where biomass is feeded is getting lifted due to

excess  pressure that is generated in the gasifier hopper.

 Some amount of producer gas is getting leaked from the bottom portion of the

gasifier                         where water is filled for maintaining sealing against atmospheric air.
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 After some time the flame got diminished and it was unable to even generate

the flame from producer gas.

After doing preliminary analysis and unloading the gasifier, it had been noticed that the

grate portion of the gasifier was getting choked due to ash and tar due to which the

required quantity of air was not getting passed through all zone of gasifier [24].

In the design a provision was made for vibrating the grate from outside through a rod that

is provided at the bottom side but unfortunately it was not able to vibrate it properly as

whole biomass weight was laid on the grate directly.

Figure 3-8 Modification in Grate System

The problem was solved by modifying the grate system as shown in the following Figure

3-8 where initially 4 vertical small rods (35 cm) were placed at the bottom grate and they

pass through the hole of upper grate and try to provide some vibration to the biomass that

is present  above upper grate. This was somewhat a successful concept but not sufficient

enough that can  provide vibrations to the whole biomass.
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So again the grate system was modified and inserted 4 vertical big rods (90 cm) at the

bottom grate and passed them though the upper grate and tried to provide vibration to

whole biomass lying on the upper grate as well as also to vibrate the bottom grate so that

ash can be easily removed after gasification.  This was the simple and effective system

which had solved all the above problems but require more efforts compared to previous

grate operation systems.

In the initial design, it had been provided 2 holes located at 180˚ to each other to supply

required quantity of air in the reduction zone. Although it was getting good quality of

producer gas having flame colour of reddish or orange type but not the bluish flame which

is required for internal combustion engine. This might be due to problem in fine tuning of

Air Fuel (A/F) Ratio[59].

For overcoming this limitation, specialised circumferential type air supply system was

designed                      and according to that modifications were made as shown in Figure 3-9. In

this design same quantity of air is supplied through 8 holes in reduction zone as compared

to 2 holes in original                    design. By doing this modification we were getting good colour

flame not exactly bluish but minimum to minimum orange type. For getting 100 % bluish

flame we need to remove impurities and inert particles present in the producer gas and for

that we needed scrubbers.

In order for the producer gas to be used as fuel for internal combustion engine applications

it should be free from tar and dust and also cooled. Cooling and cleaning of the gas is one

of the                           most important processes in the whole gasification system. The failure or the

success of producer gas units depends completely on their ability to provide a clean and

cool gas to the engines. Thus the importance of cleaning and cooling systems cannot be

overemphasized [15,51].

Producer gas has to be cooled in order to raise its energy density. Various types of cooling

equipment have been used to achieve it. Since the gas also contains moisture and tar. Thus

ideally the gas going to an internal combustion engine should be cooled to nearly ambient

temperature. In the wet scrubber the gas is washed by water. The scrubber also acts like a

cooler. At outlet of the gasifier moisture contents were found and after passing through

water scrubbing  system it  was  found  that  moisture  content  in  gas  increased  and  this
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become a drawback by the scrubbing system. Hence an efficient scrubbing system was

required.

100 | P a g e        



Figure 3-9 Modified Air Supply System

The main drawback of existing scrubbing system is that most of the system are very much

costly                  and the material required for scrubbing purpose is not readily available

everywhere.  After considering all these points we have developed the simplified

scrubbing system with the help of which we can remove the impurities present in the

producer gas and for that purpose the water was recirculated by inducting fresh water.
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3.5 Tar Removal Scrubber

Tar is  one of the most unpleasant  constituents of the gas as it  tends to deposit  in the

carburetor  and intake valves causing stickiness and causes problems during operations. It

is a product of highly irreversible process taking place in the pyrolysis zone. The physical

property of tar depends upon temperature and heat rate and the appearance ranges from

brown and watery (60% water) to black and highly viscous and as such it is aerosol in

nature.[60]

Tar removal (Water wet) scrubbing system as shown if Figure 3-10 consists of a 50 liter

capacity plastic drum which is filled with water around 40-50% of its capacity. It uses

ordinary/tap                  water for scrubbing. It separates almost all tar particulates and little CO2

in the form of carbonic                         acid.

The advantage of this scrubber is as follows.

 Operated by using the scrubbing material as tap water which is easily and

cheaply                  available at everywhere.

 Simple in design.

 Working of the system can be easily checked/ assessed during running condition.

 If needed, scrubbing material can be also changed during the process.

 Overall cost of scrubber is very low and does not required skilled manpower for

making                or operating it.
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Figure 3-10 Tar Removal scrubber

Although the above tar removal scrubber gave good results, for continuous operation we

need to change the scrubbing material frequently as it is in limited quantity and can be

easily saturated. So we need to design a system which can remove tar continuously in

which producer gas and water (scrubbing material) enter in opposite direction in 3 vertical

towers as shown in Figure     3-11   and due to the direct contact between them scrubbing

process takes place. This give us good scrubbing result as compared to previous one but

the water consumption of this system increased as compared to the previous system.

Figure 3-11 Modified Tar Removal Scrubber

103 | P a g e        



3.6 Moisture Removal Scrubber

As discussed previously, moisture in the producer gas is present due to either water wet

scrubbing system or  gasification  system needs to  be  removed for  proper  operation  of

internal combustion  engine  and for  that  very  reason a  very  unique  in-house  moisture

removal scrubber               was developed.[60]

Moisture removal scrubber as shown in Figure     3-12   is cylindrical in shape and uses wood

chips                      as moisture absorbing material. When producer gas flows in co-centric way and

passes through  the wood chips, the moisture and residual tar particulates get absorbed and

we get qualitative producer gas at outlet.  For making this scrubber, truck air filter was

used for making inner cylinder and outer cylinder was made from MS material. Producer

gas enters from the bottom and leaves from the top. The passage is designed in such a

manner that gas must have to pass through wood chips that is filled in cylinder.

Figure 3-12 Development Stages of Moisture Removal Scrubber
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Limitation  of  this  scrubber  is  that  wood  chips  is  having  limited  moisture  absorbing

capacity as compared to other materials that are used for removing moisture as we had to

change it frequently.

Another limitation is that if water wet scrubber has saturated and not able to remove tar

content                       in the producer gas then that tar also enters into this moisture removal

scrubber  and  adhere with wood  chips  which  leads  to further blockage  of  scrubbing

process.

Advantages of this scrubber are as follows:

 Operated by using the scrubbing material as wood chips which is easily and

cheaply  available at everywhere.

 Simple in design and construction.

 Overall cost of scrubber is very low and does not required skill worker for

making or                  operating it.

 Handy unit.

3.7 Result Analysis /Observation

Observations noted down in this section are based on the trial run of 200 hours for

all                        components (Gasifier Unit, tar Removal scrubber and Moisture Removal 

Scrubber)

3.7.1 Effect on Scrubbing Material

Effect of scrubbing system on scrubbing material is shown in Figure 3-13  .  
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Figure 3-13 Effect on Scrubbing Material
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As we know that water is used as a scrubbing material in tar removal scrubber and it is

having  limited tar removing capability. More than that as the tar is getting deposited in

water its colour   changes. After  20-25 hours of  operation the water  colour  is  getting

changed which show that it is working properly and removing the tar from producer gas.

The only thing we have to notice                              is that we need to change the water after every 25

hours for maintaining proper working of system.[60]

In  the  same context,  colour  of  wood chips  those  are  used  as  a  scrubbing medium in

moisture removal scrubber is also getting changed due to the deposition of moisture and

some portion of     tar deposits after trial run of 50 hours. For maintaining proper working of

moisture removal scrubber, these wood chips were needed to be changed after every 50

hours of operation.

3.7.2 Result on surface of Gasifier and Moisture Scrubber

After conducting trials as mentioned in the previous section, we had noticed following

important points as shown in Figure     3-14  

Figure 3-14 Result on Moisture Scrubber & Gasifier Surface

 After 10 hours of operation of gasifier, tar is getting deposited in the inner surface

of gasifier which also leads to sticking of biomass with the surface.

 After every 60-65 hours of operation, the inner net of moisture removal scrubber

is getting choked. From the Figure         3-14       it can be noticed that the net is getting

choked due   to the tar which is entering with producer gas. As  scrubber is

having some saturation level of removing tar from producer gas and as water
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is saturated, tar is not getting removed from producer gas and it is going in the

moisture  scrubber along with producer gas.

 For  longer  operation  of  the  moisture  removal  scrubber,  proper  working of  tar

removal  scrubber needs to observed continuously on priority basis.

3.7.3 Effect of water scrubbing on Fabric filter

Before supplying the producer gas directly to internal combustion engine there are certain

methods with the help of which we can identify the scrubbing effect. One such method is

the use of fabric filter. In this method to safeguard the engine components against the tar

content and moisture content, it is first passed through fabric filter and based on the tar

deposition on the filter  decision were taken accordingly.  As shown in the  Figure 3-15

there was more deposition of the tar content on fabric filter (left figure ) before scrubbing

and  less  deposition of tar content (right figure) after scrubbing. From this it can be

concluded that scrubbing system was working properly on the producer gas and removing

impurities present in the producer gas.

Figure 3-15 Effect on Fabric Filter

3.7.4 Effect on Flame Colour

The scrubbing effect can be easily identified in the flame colour as shown in Figure     3-16  .  

It is                 obvious that the bluish colour flame is having more calorific value as compared to

orange flame                   which leads to better performance when used in an internal combustion

engine [61].
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Figure 3-16 Effect on Flame Colour

After  spending  almost  2.5  years  in  development  of  gasifier  and  scrubbing  system

considering all the modifications that we had made in gasifier as well as grate system, we

were able to get the producer gas consistently but not as per the quality as it is required for

operating internal combustion engine. After conducting several trials on producer gas that

is generated with our in-house gasification system we were not able to run the engine

consistently for a longer run.

It was found that the system was generating good quality of gas but not sufficient enough

to run an internal combustion engine.
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3.7.5 Bottled Gas

After  facing all  the difficulties/challenges  during experimentations,  DPC members  and

guide suggested to directly perform experiment with the synthetic gas bottle. The next step

was to decide the gas composition of synthetic gas. After reviewing a number of research

papers, we had noticed               that a standard producer gas contains almost 18-20 % H2, 20-

22% CO, 2-5 % CH4, 2-5% CO2 and rest as N2 [14].

As per the inputs received from the DPC members the final composition was finalized to

20% H2, 20% CO, 5 % CH4, 5% CO2  and rest as N2. An enquiry was floated with this

composition to few vendors and out of them two vendors had given their proposals. One

was Verni Gas from Ankleshwar  and  second  was  Ultra  Pure  Gas  from  Baroda.

Considering the rates we had finalized Ultra Pure Gas and placed an order for 47 litre

water capacity bottle with pressure capacity of 130 kg/cm2 as shown in the Figure 3-17.

The specification chart indicating gas composition is attached in Annexture C.

During  conducting  trials  on  total  3  bottled  gas  with  above  composition  following

important observations were made.

 Engine runs smoothly during initial condition.

 Engine speed decreases proportionate to gas usage.

 Starting problem proportionate to gas usage.

 Feeling of inconsistency in engine running condition.

Figure 3-17 Ultragas Bottle

After discussions with the gas supplier some important points were noted which are as
follows.
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 Whenever gas suppliers are supplying synthetic gas having specific composition

first of                                            all they fill all the gases in the bottle and then rotate it for an

average 200-300 times on the machine. The  ultimate aim of doing this is to create

homogeneity.

 Orientation (Horizontal or Vertical) of the gas bottles also plays the important role

as all gas composition has different molecular weight.

 Stability of the gas is not an issue as per their opinion as they are claiming 12

months of stability in their offer.

After conducting several experimentation we come to conclusion that deration on this

synthetic                gas remains the same as nearly 50- 60% for all the piston geometry but the

major  problem is with the inconsistency in  engine running condition.  So to  overcome

these difficulties ,we decided to start the entire experimentation work on such a system

where we will have good quality of producer gas consistently, hence we approached to

Ankur Scientific Gasifier Baroda  and the final round of experimentation were conducted

at their factory located at Savli – Vadodara which will be discussed in detail in the next

sub content.
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3.8 Final Producer Gas Setup

3.8.1 Ankur Scientific Gasifier (Downdraft Gasifier)

Ankur Scientific gasifier is a well-known company involved in manufacturing of different

types  and capacities of gasifiers which can work on different fuels. More than that they

also provide                         customized services as well as gasification system all around the world.

Based on available literature and our experience with various gasifiers we decided to

perform experiment on a downdraft gasifier. Tar collection and inert gas removal system

having passive  filtration system was an integral scrubbing system providing a far better

quality of gas needed for experimentation. The overall assembly is shown in Figure     3-18  

[59].

Figure 3-18 Ankur Scientific Downdraft Gasifier

The downdraft  gasifier  on which trials  have been conducted is giving 11 KW thermal

output having hopper capacity of 250 kg and this system can run  continuously for 40

hours with a single feed. It can handle different type of biomass having size not more than

25 to 30 mm. The important point that needs to be considered before feeding material to

gasifier is moisture content level in the feedstock biomass.
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As per design it should be less than 15% for getting proper quality of producer gas [62].

For maintaining that level moisture raw material is dried in Sun for 1 week to 2 weeks as

per the moisture  content in the fuel that is going to be used in the gasifier and then after

collecting samples randomly the physio chemical characterization of biomass is carried

out. The physio chemical properties of the sampled biomass is attached in the Annexure

C.  If  all  properties  are  as  per the feeding requirement then the biomass is feeded to

gasifier. The average calorific value of this  biomass  is found to  be around 5000

Kcal/kg[18].

This downdraft gasifier is designed in such a manner that it can collect and remove tar

from the   bottom portion whenever  required.  Apart  from this,  it  is  equipped with the

vibrometer  (driven by electric motor) in the hopper for providing proper mixing of

biomass as well as for grate which    allows the fall down of ash that is generated during

gasification.

Normal settling time for this  gasifier is  nearly 30-45 minutes.  Initially the gas that is

generated  with this gasifier is flared openly in atmosphere and continuous monitoring of

flame colour is done by the gasifier operator. To bring the flame to bluish colour some fine

tuning in terms of air supply is done during operation.

Once blue flame is achieved during flaring, gas sampling is carried out by collecting the

gas by bellow type collector having the capacity of 1 litre and percentage of elemental

components presents in producer gas is analysed by gas chromatography instrument which

is available in their in-house laboratory. The gas composition of the producer gas that is

generated  through  Gasifier  is attached  in  Annexure.  Once  proper  required  quality  of

producer gas is generated by gasifier then all trial of experiment work were conducted.

3.9 Experimental Setup Development

3.9.1 Engine Selection

A market assessment was conducted to discover a standard engine that might match with

experimental  requirements  while  requiring  less  troubleshooting  in  order  to  develop

dedicated producer gas engine technology. More than that the availability of the expertise

for doing modification in selected engine for conducting different sets of experimentation

was also an important for selecting the engine.  As a result, the engine with the following

specification Table 3-1 and Figure 3-19 was chosen.
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Figure 3-19 Test engine

Table 3-1 Specification of Test Engine

Type
Four stroke, air cooled, single cylinder SI

engine

Make Honda CD 100

Fuel Petrol/Producer Gas

Number of cylinders One

Bore 50 mm

Stroke 49.5 mm

Compression ratio 8.4:1

Connecting rod length 90 mm

Rated power 5.5 KW@8000 rpm

Maximum Torque 7.95Nm @5000 rpm

Displacement volume 97.30cc

Idle speed 900 ± 100

114 | P a g e        



3.10 Alternator Selection

Selection of alternator plays a vital role for converting mechanical energy developed by

the engine into electric energy. The selected electrical type 3kVA single phase alternator

by Benchke GMBH was directly coupled with engine crank shaft at engine magnet side.

Accordingly, alternator having the following specifications as given in Table     3-2   and

Figure     3-20   was selected.

Figure 3-20 Benchke make

alternator Table 3-2 Alternator

Specification

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

3.11 Selections 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
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a high turbulence inside the combustion chamber in order to improve combustion and

performance of producer gas fueled engine [20,21,22,23,24,25].        
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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.

 As the laminar flame speed of producer gas is high, to create better turbulence

some cleavages should be there on the piston geometry.

The pistons selected based on the above criterions for testing purpose are named as

Piston A,    Base Piston S and Piston T and are shown in Figure     3-21  .  

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 7.6 and 6.8 respectively for the engine. This will allow

increasing the compression ratio and studying the subsequent effects on the engine

performance.

 Base Piston S is the original flat base piston of the selected engine which has a

compression ratio of 8.4.

 Thus, these three Pistons A, S and T allowed to study the simultaneous effects of

compression ratio and piston crown geometry to obtain an optimal configuration.
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Piston A Piston T Piston S

Figure 3-21 Different Piston Geometry

3.12 Parameter measuring instruments.

While carrying out any experimentation the most important task is to measure different

variables which are associated with the experimentation work. In the present work,

measurement of fuel supply, air supply, engine speed and output power are main variables.

To  measure  all these variables  standard instruments were used and  following section

includes all  details about parameter measuring instruments  those were used during

experimentation.

3.12.1 Gas Vaporizer

The vaporizer is connected to the mixer (refer  Figure 3-22) 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. Specification of the same is maintained in Table     3-3  .
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Figure 3-22 Gas vaporizer ( Garretoson Impco Technologies)

Table 3-3 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

3.12.2 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     3-4   and Figure     3-23   shows the photographic view of the

digital multimeter.
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Figure 3-23 Multimeter Model

K2775 Table 3-4 Multimeter

Specification

Specification Range

Sensing Average Sensing

Jaw Opening

Size
55 mm

Display
3 ¾ digits 4000 counts

LCD display

Sample Rate Approx. 2 times per second

Response Time Approx. 1 second

Power Supply Standard 9V battery

3.12.3 Digital Anemometer

A digital anemometer was used for measurement of producer gas and air supply. It can

measure both air velocity in different units as well as air temperature during the operation.

It was connected to the inlet manifold of carburetor for producer gas measurement. The

details  of digital anemometer are given in Table     3-5   and Figure     3-24   shows the

photographic view of the digital multimeter.
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Figure 3-24 Anemometer KM 908 

MK1 Table 3-5 Specification of 

anemometer

Specification Range

Air Velocity 0-45 m/s (Accuracy± 3%)

Air Temp. 0-45°C (Accuracy± 2°C)

Resolution 0.2°C , 0.1 m/s

Power Supply 9V Battery

Dimension 72*35*145 mm

3.12.4 Load Bank

An electrical resistive load bank (refer  Figure 3-25) 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, 500 watts and 1000 watts

incremental up to 4.5 kW. Table     3-6   describes all details about load bank.
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Figure 3-25 Load bank

Table 3-6 Load Bank Detail

Watt/Item No. Total (Watt)

1000 (Halogen) 2 2000

500 (Halogen) 2 1000

200 (Bulb) 3 600

100 (Bulb) 9 900

Total 4500

3.12.5 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 3-7 and Figure 3-26 shows the

photographic view of the digital tachometer.
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Figure 3-26 Digital Tachometer DT2234-C

Table 3-7 specification of Digital Tachometer

Specification Range

Speed
2.5 to 99999 rpm

(Accuracy± 0.05%)

Dimension 80*40*155 mm

Model DT2234-C
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3.13 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 3-27

Figure 3-27 Experimental Setup

The detail 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

Figure     3-28  ).

2) The selected 98cc, single-cylinder, four stroke cycle gasoline SI engine which was

retrofit to run on producer gas with successive modifications (refer Figure 3-19).

3) A single phase 3kVA electrical type alternator was coupled with engine crank shaft

by flexible flange coupling at engine magnet side (refer Figure     3-29  )  .

4) The test rig also includes digital anemometer for gas flow measurement, air mixture

and gas vaporizer circuit were installed before fuel supply system and pressure of gas

was maintained with low pressure regulator (refer Figure     3-22  ).
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Figure 3-28 Fabricated platform for engine mounting

Figure 3-29 Alternator coupled with engine crank shaft

5) In case of testing on producer gas fuel, the flexible hose is connected to the mixer,

which is turn is connected to the carburetor of the engine.

6) Throttling cable is mounted on an angle fixed to the base frame for fine adjustments of

the engine speeds (refer Figure     3-27  ).
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7) The  silencer  of  the  exhaust  was  fitted  to  the  main  chassis  by  a  nut  and  bolt

arrangement to avoid vibrations during testing.

8) To avoid the engine from overheating during the load tests, air cooling is provided by

using a table fan & blower (refer Figure     3-27  ).

9) 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 0–4.5 kW (refer Figure     3-25  ).

10) A digital tachometer was used for speed measurement (refer Figure     3-26  ) 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.

11) Producer gas having required quality for carrying out different experimentations was

provided  by  the  downdraft  gasifier  designed  and  developed  by  Ankur  Scientific

Gasifier Baroda -India. The producer gas is generated by the thermochemical

conversion of different type of biomass available in market.(refer Figure         3-18  )

12) In  the  present  setup,  the  gas  consumption  for  producer  gas  was  measured  by

anemometer (refer   Figure 3-24  ).

During experimental investigation the uncertainty analysis was governed and due care has

been taken for the measurement of output power, fuel flow and speed of the engine. The

uncertainty levels are within ± 5 % and given in Appendix-A in Table 3.4.

In order to develop the dedicated producer gas engine technology, few additions and

modifications have been made in the engine in order to achieve variations in engine

compression ratio, L/D ratio and ignition timing.

These modifications include:

 Machining the engine block to maintain the compression ratio for lower stroke to

bore ratio systems (refer Figure     3-30 & Figure     3-31  ).

 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 Figure     3-32   and Figure     3-  

33).

 Modifying the cylinder head from single spark ignition to twin spark ignition (refer

Figure     3-34  ).

 Modifying the ignition timing (refer Figure     3-37  ).
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The details of these changes are given at appropriate places in related sections.

Figure 3-30 Engine Block with Pistons

Figure 3-31 Engine Block before and After Machining

127 | P a g e        



3.13.1 Changing L/D Ratio

In order to develop the producer gas engine technology and study the effects of L/D ratios

on the  performance  of  the  engine  3  crankshafts  were  modified  to  achieve  L/D  ratio

variations of 0.9, 1.0, 1.1. The engine being a square engine ( L/D = 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. [63]

Literature survey reveals that producer gas has a high laminar flame velocity of 0.5 m/s

[8,39,40,44], resulting into fast combustion and prolonged combustion period thereby

affecting   the performance of the engine. A fine tuning of L/D ratio has the potential to

improve burning              rates, heat transfer, mixing time, resulting in an overall improvement

in engine efficiency [32,34,36,37]. In the literature survey Iyer et. al. [51] has varied the

L/D 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 during experimentation.

The stroke length was found from the crank radius using the following formula:

L = Rcr x 2

Where, L = stroke length in mm, and Rcr = Crank radius in 

mm. The configuration of L/D ratio is given in Table     3-8  .

Table 3-8 Configuration at different L/D ratio

L/D

ratio

Rcr

(mm)

L

(mm)

Engine block 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 strike of the piston 

with the cylinder head.
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Figure 3-32 Modified Crankshaft for L/D =0.9

Figure 3-33 Modified Crankshaft for L/D =1.1

3.13.2 Changing Cylinder Head

Various researchers have observed that usually lower L/D ratio offers better performance

and reduced emissions for producer – air engines [40-44]. However, by increasing the bore

and reducing the stroke, the flame propagation may suffer due to the quenching effect and

hence it may result in poor combustion in spite of compact combustion chamber. Hence,

in  order  to enable better flame propagation to offer complete combustion, the

provision is made for accommodating an additional spark plug by machining the cylinder

head [64].
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The stages of machining include:

1. The  area  selected  for  accommodating  the  2nd spark  plug  was  adjudged  diagonally

opposite  to the position of the original spark plug.

2. The area  for accommodating  the 2nd spark plug is  the region for the valve  timing

sprocket which is mounted on the overhead camshaft and the idler bush over which the

timing chain                       passes. The overhead camshaft is mounted on the bearings inside the

cylinder head casing.

3. The cylinder head casing has a passage that connects the head with the crankcase for

the lubricant oil to circulate continuously and provide lubrication to the timing chain,

idler bush, timing sprocket  as well  as the overhead camshaft  and its  bearing.  This

implies that this particular end is sealed by a cover using gaskets to avoid leakages.

4. It is essential to drill a through hole across this passage surpassing the cylinder head

cover covering the overhead cam shaft region to accommodate the additional spark

plug. This operation, obviously results into the exposure of the cover resulting into

splashing of the lubricating oil to the atmosphere while the engine is running.

5. The  aluminium  alloy  head  is  positioned  properly  and  additional  material  is  filled

initially by welding to create a solid head so that the spark plug doesn’t penetrate deep

when inserted into the cylinder head.

6. To provide a flat face on this weld, the flat spots are faced on a milling machine.

7. The centre for the spark plug region is marked and the area is drilled on this machined

surface.

8. Further, tapping is done to match the threads of the spark plug.

9. The spark plug is inserted into this hole and the position is checked for alignment with

the original spark plug. Further, care has been taken such that the spark plug doesn’t

come in contact with the timing sprocket.

10. If the penetration is less, the spot face is again carried out.

11. If the penetration is more, the area has to be welded again and the entire

sequence of operation from points 4 to 9 has to be repeated.

12. Last but not the least, the spark plug does not touch the piston when it is at TDC.

13. The present work has taken 4 attempts to obtain the correct location.

14. Care needs to be taken while marking the position of the spark plug and drilling it.

This is owing to the reason due to the complexity of the cylinder head casting as it has

crevices, this will lead to an open spot. 
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15. The aluminium cover used as a closure for this region also needs to be cut due to the

protrusion of the spark plug.

16. Since the process is a trial and error technique, repeated heating due to welding of

aluminum leads to the distortion of the cylinder head. Hence the cylinder head has to

be machined. Conventional machining is not advisable as it may lead to an inclined

head when fitted  to the cylinder block, instead, the best technique is to apply the

grinding paste on a plain glass and adding a few drops of kerosene and rubbing the

cylinder head over it and checking for the flatness and smooth finish.

The arrangement of the spark plugs in the cylinder head is shown in Figure 3-34, Figure

3-35and Figure 3-36   respectively.

Figure 3-34 Engine head displaying Twin Spark Plugs
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Figure 3-35 Head casing machined to accommodate additional spark plug

Figure 3-36 Cylinder Head – Final Assembly on the Engine

3.13.3 Changing Ignition Timing

As the laminar flame speed of producer gas is being high due to the presence of hydrogen,

the effect of ignition timing can be studied by modifying magnetic coil. For this purpose

two additional magnetic coil have been purchased from market and modified for

advanced timing
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of 15˚ and 20˚ along with 10˚ existing timing. Figure 3-37 shows the changes those have

been made in magnetic coil.

Figure 3-37 Modified Magnetic Coil

3.14 Stages of Experimentation

The main focus of the entire experimental investigations was to study the influence of

piston crown geometry,  ignition  timing,  stroke  to  bore  ratio  and twin  spark  plugs  on

performance of producer gas fueled engine and to arrive at an optimal configuration which

can  be  proposed  as a dedicated producer gas engine technology.  Accordingly, the

experimentation is carried out in successive  stages  by  testing  the  engine  under  both

gasoline and producer gas mode in the following sequence:

 Testing the engine on all the three identified pistons A, T and the base version

piston S for assessment of performance with an original square engine (L/D = 1).

This formed a base data generation stage.

 To study the influence of compression ratio for piston A which has larger cleavage

resulting into better turbulence and squish characteristics.

 Testing the modified engine with piston A at L/D= 0.9.

 Testing the modified engine with piston A at advanced ignition timing of 10˚, 15˚

and 20˚ at L/D = 0.9.

 Testing the modified engine with piston A at dual spark ignition condition.

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

with gasoline and producer gas.
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3.15 Experimentation test type and procedure

IS 14599 – 1999 [65] recommends variable speed load test at wide throttle opening for S.I

engines. However, in present case, the experimentation was carried out for loading the

engine at  constant  speed  to  achieve  reliable  and  consistent  performance  results  for

gasoline and producer gas 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 becomes difficult to predict performance at the

variable speed load test because magnitude of turbulence level is depends on speed

of the engine.

 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.

 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.

Hence, looking to the above facts, it was decided to conduct constant speed load test at

3000 rpm.

The detail 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 and producer gas 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.
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 The throttling of air during testing on producer gas fuel was achieved by blocking

air using foam at the air filter.
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 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. 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  with  the  engine  speed.  Load  and  fuel

consumption were measured by maintaining the constant engine speed by adjusting

the throttle using throttle cable.

 The  gasoline  consumption  was  measured  by  using  standard  volumetric  burette

while consumption of producer gas was measured by anemometer.

 About 2 to 3 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 30 minutes for

gasoline and 1 hour for producer gas 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],

BP= 
V× I
1000

Where , 

             V – Voltage (volt)

              I – Current (amp)

              BP – Brake Power (watt)

η  
BP×3600 

100 CV×Mf

Where , 

              BP – Brake Power (watt)

              CV – Calorific value of fuel (KJ/kg)

               Mf – Mass of fuel (kg)

               Ƞ - Efficiency (%)
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BSFC= Mf / BP

 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: Result & Discussion

Theoretical & Experimental Investigation of Producer Gas Dedicated Engine Technology
Mahida Hirenkumar Ranjitsinh

Chapter 4

4.1 Introduction

Result and Discussion

The engine was loaded progressively after achieving steady state condition by running it for

15 minutes at 3000 (±100) rpm. Throttling the engine to counteract the loss in speed caused

by the loads keep the engine speed constant. To ensure consistency in results, the engine was

tested under the same loading conditions and the results were recorded. Any discrepancy in

the results necessitated rerunning the experiment from the beginning. In Appendix – A, the

final results of all performance testing, as well as measurement uncertainties, are compiled

and presented. Figure 4-1 to  Figure 4-18 show the results,  and they are presented in the

following sections according to the stages of the experiment.

The abbreviations used in the figures are given below:

For L/D 1.0, Single Ignition with Normal Ignition Timing:

Piston A    :  L/D 1.0 – Piston A

Piston S    :  L/D 1.0 – Piston S

Piston T        : L/D 1.0 –    Piston T

For L/D 0.9, Single Ignition with Normal Ignition Timing:

Piston A         : L/D 0.9 – Piston A

For L/D 0.9, Twin Spark Ignition with Normal Ignition Timing:

Piston A : L/D 0.9 TS – Piston A

For L/D 0.9, Twin Spark Ignition with change in Ignition Timing (Advanced):

Piston A : L/D 0.9 TS – Piston A15˚

Piston A : L/D 0.9 TS – Piston A20˚
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4.2 Testing the engine for L/D = 1.0, Single Ignition on Pistons A, S &

T The initial setup entailed determining the performance parameters of all three pistons in

order to gather baseline data under typical engine settings without modifying the engine's

or combustion chamber's basic construction.

4.2.1 Testing on Petrol – Loading the crankshaft

The initial tests are carried out on petrol to assess the performance of the three identified

pistons, which will serve as a standard for future study. Figure 4-1 to       Figure 4-3   represent

the performance curves by loading the crankshaft on petrol as a fuel. The tabulation of the

experimental results are shown in Table     4-1  

Table 4-1 Results of all piston on petrol as a fuel at L/D = 1.0

Sr.

No
Parameter

L/D = 1.0

Piston A Piston S Piston T

1 Peak Power (Watt) 998.64 1351.48 1184.94

2
Brake Thermal Efficiency

(%)
22.06 25.71 24.38

3
Brake Specific Fuel

Consumption (Kg/Kwh)
0.0906 0.0777 0.0820

Figure 4-1 Power v/s mf curves for loading at crankshaft on Petrol with L/D = 1.0
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Figure 4-2 Power v/s BSFC curves for loading at crankshaft on Petrol with L/D = 1.0

Figure 4-3 Power v/s BTE curves for loading at crankshaft on Petrol with L/D = 1.0

4.2.2 Observation and discussion:

The initial tests on all the 3 pistons were carried out with petrol as fuel and following

observation were made.

1. During the Piston A test, it was discovered that the engine was originally running

lean,                            and that stability of operation was only established after restricting the

air. [66] The engine performed well due to the throttling, but it was in a rich state

and had a substantially higher specific fuel consumption. It was derived that Piston

A has a higher  cleavage  than  Piston  S  and  Piston  T,  resulting  into  a  larger

clearance volume thereby resulting in a lower compression ratio and thus a higher

specific fuel consumption.[67]
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2. Furthermore, a comparison of the total performance of all three pistons reveals that

the  base "Piston S" performs the best in terms of power output and specific fuel

consumption. This is clear because the ignition advance, compression ratio, and

combustion  chamber  design  are  all  optimized  for  this  base  configuration.  Any

change in piston crown geometry causes a change in combustion chamber design

and compression ratio, resulting in a loss of performance. [20,32,39].

4.2.3 Testing on Producer Gas – Loading the crankshaft

Experiments with producer gas as fuel were conducted on all three recognised pistons (A, S,

and T) in order to compare their performance to that of Petrol.  Figure 4-4 to Figure 4-6

illustrate the performance for the three pistons. Table     4-2   shows the tabulation of

experimental                       outcomes.

Figure 4-4 Power v/s mf curves for loading at crankshaft on Producer Gas with L/D = 1.0
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Figure 4-5 Power v/s BSFC curves for loading at crankshaft on Producer Gas with L/D = 1.0

Figure 4-6 Power v/s BTE curves for loading at crankshaft on Producer Gas with L/D = 1.0

4.2.4 Observation and discussion

The salient features of the results are discussed below:

1. Piston S outperforms both Piston A and Piston T in all loading circumstances, which is

unsurprising given that all parameters such as ignition advance, compression ratio, and

combustion chamber design are optimised for this base configuration. Any change in

piston crown shape affects  the combustion  chamber  design and compression ratio,

resulting in a performance loss. [8,20,26,32,39] [68]

2. When Piston A was tested with producer gas operating issues were faced. The air had

to be   fine-tuned in order to achieve a stable operation. Despite having a lower

compression ratio,    Piston A's performance was found relatively better than Piston T.

[69] It is possible that this might be due to the piston crown geometry. Because of the
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broader  cleavages  on its crown, turbulence levels may have increased,  resulting in

improved combustion and performance. [20-25,32,43][68]
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3. When using producer gas as a fuel, all three pistons' performance is observed to be

worse than when using petrol. This is because employing producer gas as a fuel results

in a lower                             volumetric efficiency. [8, 21, 28, 29, 34, 36, 40, 44, 51].

Table 4-2 Results of all piston on producer gas as a fuel at L/D = 1.0

Sr.
No

Parameter
L/D = 1.0

Piston A Piston S Piston T

1 Peak Power (Watt) 496.8 600.3 297.99

2
Brake Thermal
Efficiency (%)

10.87 11.87 5.93

3
Brake Specific Fuel
Consumption (Kg/Kwh)

0.1840 0.1685 0.3370

4.2.5 Comparison of Performance of Petrol and Producer Gas:

The comparative assessment of engine performance with Petrol and Producer Gas as fuel

for  all the three pistons is given in Table     4-3   as follows.

Table 4-3 Comparative Assessment of all Pistons at L/D = 1.0

Sr.
No

Parameter Fuel
L/D = 1.0

Piston A Piston S Piston T

1
Peak Power
(Watt)

Gasoline 998.64 1351.48 1184.94

Producer Gas 496.8 600.3 297.99

2
Brake Thermal
Efficiency (%)

Gasoline 22.06 25.71 24.38

Producer Gas 10.87 11.87 5.93

3
Brake Specific 
Fuel Consumption
(Kg/Kwh)

Gasoline 0.0906 0.0777 0.0820

Producer Gas 0.1840 0.1685 0.3370

From the above table following fruitful conclusion can be made.

1. During experimentations on gasoline as a fuel, piston S produces maximum power

of 1351.48 Watt as compared to power developed by piston A (998.674 Watt) and

piston T (1184.94 Watt) though it has minimum cleavage. It is to be noted that

piston S has a maximum compression ratio of 8.4:1 as compared to 7.6:1 for piston

T and that of 6.8:1 for piston A. Hence it was observed that compression ratio also

plays a vital role along                         with piston geometry for the performance of an

engine.[71]
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2 During experiments on producer gas as a fuel, piston S generates maximum power

600.3      Watt as compared to power developed by piston A (496.8 Watt) and piston T

(297.99 Watt) though it has minimum cleavage. But in terms of deration, it has been

observed that minimum deration is found in piston A (50.25%) as compared to

piston S (55.58%) and piston T (74.85%) respectively.  Minimum deration in the

case of piston A is due to maximum cleavage on piston A compared to piston S and

Piston T which produces maximum turbulence which leads to better combustion and

better power output. [72]

3 These results can be validated by the fact that though gasoline is having a higher

calorific value as compared to producer gas, if we consider the mixture (fuel + air)

calorific value at stoichiometric condition then gasoline has a CV of 3.75 MJ/Kg as

compared to 2.12 MJ/Kg for producer gas and mixture calorific value is more

important                                         that fuel calorific value or engine.

Summary:

Engine configuration having piston A performed better on producer gas as compared to

the other two pistons. Hence, remaining study about development of dedicated producer

gas engine technology focuses on Piston A only and the effect of other parameters like

compression  ratio, ignition  timing  and  twin  sparking  system  will  be  implemented  in

phases keeping Piston A as a                             scope of improvement.
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4.3 Testing the engine for L/D = 0.9, Single Ignition and Twin

spark                                                                               Ignition on Pistons A on Producer Gas

4.3.1 Investigation with L/D = 0.9 engine with Single Ignition System

When tested on producer gas, Piston A was shown to perform poorly when compared to

Piston        S and Piston T due to its lower compression ratio and more cleavage on its crown.

[18,27,28,34- 36,51, 52].

Piston A, on the other hand, is projected to provide greater performance with improved

compression ratio due to its squish producing shape due to higher cleavage on its crown.

[20- 24,26,41,44 ,53].

In order to increase the compression ratio from 6.8:1 to 7.6:1, the cylinder block was

machined  by 0.5 cm. Any further machining causes the piston to collide with the cylinder

head, causing damage to the inlet and exit valves. The results obtained with this improved

compression ratio                         of 7.6:1 for Piston A are depicted in Figure     4-7   to Figure     4-9  .

Figure 4-7 Power v/s mf curves on Producer Gas for L/D 0.9 Piston A (Single Ignition System)
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Figure 4-8 Power v/s BSFC curves on Producer Gas for L/D 0.9 Piston A (Single Ignition System)

Figure 4-9 Power v/s BTE curves on Producer Gas for L/D 0.9 Piston A (Single Ignition System)

4.3.2 Observations and discussion

The engine's compression ratio with Piston A was increased from 6.8:1 to 7.6:1 as a result 

of  the machining the cylinder block.

1. Despite the fact that the engine's compression ratio with Piston T is 7.6:1 and with

Piston S is 8.4:1, both higher than Piston A, the Piston A showed enhanced power

characteristics  when  the  compression  ratio  was  increased  from  6.8  to  7.6.  When

running on producer gas, engine with Piston A produced over 773.48 watts of power,
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compared to  496.8 watts in   the basic arrangement with L/D of 1.0. (55.69 %

improvement).
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This could be owing to the                                                     combined effects of improved turbulence

caused by piston crown geometry [20-25, 32] and                 an increase in compression ratio

[26,28,31,40]

2. Increasing CR from 6.8 to 7.6 improved peak power, thermal efficiency, and BSFC by
55.69

%, 55.74 %, and 35.85 %, respectively, over Piston A's original configuration. [37]

Summary:

The current work emphasises the performance improvement with improved compression

ratio                    from 6.8:1 to 7.6:1 and twin cleavage geometry with a ratio of cleavage volume

to  total clearance  volume  of  8–10%,  with  larger  cleavage  sharing  5–7% and  smaller

cleavage  sharing 2–4%  and  both  located  at  180  phase  difference  with  their  axes

intersecting  the  piston  pin  at right  angles  to  be  responsible  for  improving  turbulence

levels, which in turn improves the performance. [43]
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4.3.3 Investigation on over square (L/D = 0.9) engine with Twin Spark Ignition System

Due to high burning velocity of producer gas – air mixtures [8,12,40-47], literature shows

that                  the stroke to bore ratio of a producer gas fueled engine has a significant impact on

its performance  and  emission  characteristics  The  placement  of  the  spark  plug  also

influences the length of the flame travel [38, 40,48]

As a result, some experimentation on twin spark ignition system was planned in order to

investigate the possibilities of establishing a dedicated producer gas engine technology. As

a result, a series of experimental investigations were conducted on an engine using dual

spark ignition systems, with the results  summarised in the table  below  Figure 4-10 to

Figure 4-12 as  follows.

Figure 4-10 Power v/s mf curves on Producer Gas for L/D 0.9 Piston A (Twin Spark Ignition System)

151 | P a g e        

Power V/S 
mf0.3

5

0.3

0.2
5

L/D 0.9 TS - 
Piston A

L/D 0.9 - Piston A 

L/D 1.0 - Piston T 

L/D 1.0 - Piston S
L/D 1.0 - Piston A

0.2

0.1
5

0.1

0.0
5

0

0 20
0

40
0

60
0

80
0

100
0Power 

(Watt)

m
f 

(K
g

/h
)



Figure 4-11 Power v/s BSFC curves on Producer Gas for L/D 0.9 Piston A (Twin Spark Ignition System)

Figure 4-12 Power v/s BTE curves on Producer Gas for L/D 0.9 Piston A (Twin Spark Ignition System)

4.3.4 Observations and discussion

The following are the most important aspects of these investigations:

1. With  L/D  =  0.9  and  a  twin  spark  ignition  system,  performance  is  significantly

improved. With double spark ignition, the max output was 785.64 watts at 3000 rpm.

At L/D = 0.9, between single and dual spark, a relative improvement of 1–2% in

power is observed using  producer gas – air fuel. As the distance of flame travel is

reduced, a lower L/D ratio with dual spark allows the flame front to reach the end

charge  at  a  faster  pace,  enhancing combustion  [32,34,37].  Furthermore,  improved

turbulence owing to twin cleavage piston crown shape [20,24,25] and a reduced L/D

ratio all contribute to a higher peak pressure, resulting in increased power output.
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2. It's worth noting that L/D = 0.9 corresponds to an 88 cc engine, whereas L/D =

1 corresponds to a 100 cc engine. Despite this, L/D = 0.9 with twin spark ignition

produces a                           higher output even with a reduced volumetric capacity.[30]

3. The BSFC, peak power, and peak thermal efficiency obtained with L/D 1.0 – Piston A, L/
D

1.9 – Piston A, and L/D 0.9 TS – Piston A are summarised in Table 4-4.

Table 4-4 Summary of Performance results of Piston A

Configuration Peak Power
(Watt)

BSFC
( kg/kwh)

BTE

( % )
L/D 1.0 – 1 Piston A 496.80 0.1841 10.87
L/D 0.9 – 1 Piston A 773.48 0.1181 16.93
L/D 0.9 TS – Piston A 785.64 0.1200 17.19

Summary:

In  comparison  to  L/D 1.0  –  Piston  A,  the  specific  fuel  consumption  and thermal

efficiency   achieved with L/D 0.9 TS – Piston A demonstrate  an improvement  of

34.81% percent in specific fuel consumption and 58.14 % in thermal efficiency.

153 | P a g e        



4.4 Testing  the  Engine  for  L/D  =  0.9,  Twin  spark  Ignition  on

Pistons A   with advanced Ignition timing of 15˚ and 20˚ for

Producer Gas.

The high laminar flame speed of producer gas owing to the presence of hydrogen,

demonstrates  that ignition time influences the performance and emission characteristics of

producer gas fueled engines [8,39,41,44]. The placement of the spark plug also influences

the length of flame                         travel [48].

As a result, experimentation on advanced ignition timing with high compression ratio and

twin spark system was planned in order to explore the possibility of developing a better

producer gas   engine  technology.  The  standard  ignition  timing  of  test  engine  is  10˚

advanced and to explore further possibilities, magnetic pick up point has been modified to

15˚ and 20˚ to advance the timing as discussed in previous chapter.

A series of experimental investigations were further conducted on the engine with dual

spark ignition systems and advanced ignition timing, and the results are summarised in

Figure 4-13 to Figure     4-15   as follows.

Figure 4-13 Power v/s mf curves on Producer Gas for L/D 0.9 Piston A (Twin Spark Ignition System) 

with advanced timing
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Figure 4-14 Power v/s BSFC curves on Producer Gas for L/D 0.9 Piston A (Twin Spark Ignition 

System) with advanced timing

Figure 4-15 Power v/s BTE curves on Producer Gas for L/D 0.9 Piston A (Twin Spark Ignition 

System) with advanced timing
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4.4.1 Observation and Discussion

Following are the fruitful results of changing the ignition timing.

1. With L/D = 0.9, twin spark ignition system and advanced timing of 15˚ and 20˚,

performance showed significant improvement.[52] With this configuration the

maximum  output  was  938.75  watts  and  996.34  watts  respectively.  By  just

advancing the timing from 15˚ to 20˚,  a  relative improvement  of nearly 6% in

power is observed using producer gas – air  fuel. [75] As the distance of flame

travel is reduced, a lower L/D ratio with dual spark allows the flame front to reach

the end charge at a faster pace,  enhancing  combustion  [8,32,36,41,48,61].

Furthermore, improved turbulence owing to  twin cleavage piston crown shape [20,

23] and a reduced L/D ratio [32,34,35] all contribute to a higher peak pressure,

resulting in increased power output.

2. The BSFC, peak power,  and peak thermal  efficiency  obtained with  L/D 1.0  –

Piston A,  L/D 0.9 – Piston A, and L/D 0.9 TS – Piston A and L/D 0.9 TS – Piston

A with advanced timing are summarised in Table     4-5  

Table 4-5 Comparative result summary of Piston A with advanced timing

Configuration
Peak Power

(Watt)
BSFC

( kg/kwh)

BTE

( % )

L/D 1.0 – 1 Piston A 496.80 0.1841 10.87

L/D 0.9 – 1 Piston A 773.48 0.1181 16.93

L/D 0.9TS – Piston A 785.64 0.1200 17.19

L/D 0.9 TS- Piston A 15° 938.75 0.0974 20.54

L/D 0.9 TS- Piston A 20° 996.38 0.0917 21.80

3. From the table it can be observed that the power output with L/D 0.9 TS- Piston A

20° configuration has increased to 996.38 watts as compared to 496.80 watts at the

initial configuration of L/D 1.0 – Piston A. The overall improvement is almost 100

%. In the same way the BSFC has also improved from 0.1841 kg/kwh to 0.0917

kg/kwh. Similarly                          the brake thermal efficiency has also improved to 21.80 %

from initial value of 10.87%.
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Summary:

In comparison to L/D 1.0 – Piston A, the brake power achieved with L/D 0.9 TS – Piston

A20˚ is double. BSFC and thermal efficiency has also improved significantly.
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4.5 Critical (Overall) Comparison

This section comprises of the comparison of overall results of petrol and producer gas. It

includes  comparison of  results  of  experimentation  work carried  out  on test  engine  on

producer gas with Piston A with all successive modification/combinations in crown

geometry, compression ratio, L/D ratio, ignition timing and dual sparking system with the

results of all 3                                pistons on petrol to arrive upon the final conclusion.[77]

To arrive at the overall deration factor after successive modification in the engine, the

performance  parameters  like  mf,  BSFC  and  BTE  are  compared  and  shown  in  the

following figures from Figure 4-16   to Figure     4-18  

Figure 4-16 Critical Comparison (Power V/S mf)

158 | P a g e        

Power V/S 
mf

Pet(Piston- 
T)

Pet(Piston- 
S)0.40

0

Pet(Piston- 
A)
L/D 0.9 TS- Piston 
A 20°0.35

0 L/D 0.9 TS- Piston 
A 15°0.30

0
L/D 0.9 TS - 
Piston A0.250L/D 0.9 Piston A

L/D 1.0 - Piston T

0.20
0

L/D 1.0 - 
Piston S

0.15
0

L/D 1.0 - 
Piston A

0.10
0

0.05
0

0.00
0

0 2004006008001000120014001600

Power 
(Watt)

m
f 

(K
g

/h
)



Figure 4-17 Critical Comparison (Power V/S BSFC)

Figure 4-18 Critical Comparison (Power V/S BTE)

159 | P a g e        

Power V/S 
BSFC1.000

0

0.900
0

0.800
0

0.700
0

0.600
0

Pet(Piston- T)

Pet(Piston- S) 

Pet(Piston- A)
L/D 0.9 TS- Piston 
A 20°

L/D 0.9 TS- Piston 

A 15° L/D 0.9 TS - 

Piston A L/D 0.9 

Piston A
L/D 1.0 - Piston T

0.500
0 L/D 1.0 - 

Piston S0.400
0

L/D 1.0 - 
Piston A0.300

0

0.200
0

0.100
0

0.000
0

0 20
0

40
0

60
0

800

Power 
(Watt)

100
0

120
0

140
0

160
0

30.0
0 Power V/S 

BTE25.0
0

20.0
0

15.0
0

10.0
0

5.00

0.00

0 20
0

40
0

60
0

80
0

100
0

120
0

140
0

160
0Power (Watt)

Pet(Piston- T)Pet(Piston- S)Pet(Piston- A)L/D 0.9 TS- Piston A 20°

L/D 0.9 TS- Piston 
A 15°

L/D 0.9 TS - 
Piston A

L/D 0.9 
Piston A

L/D 1.0 - 
Piston T

L/D 1.0 - 
Piston S

L/D 1.0 - 
Piston A

B
S

F
C

 (
K

g
/K

w
h

)

B
T
E
 (

%
)



4.5.1 Observations and Conclusions

Overall results of all experimentation are summarised in the following Table 4.6

Table 4-6 Summary of overall results

Sr. No Parameter Fuel
L/D = 1.0

Piston A Piston S Piston T

1
Peak Power

(Watt)

Gasoline 998.64 1351.48 1184.94

Producer Gas 496.8 600.3 297.99

2
Brake Thermal

Efficiency (%)

Gasoline 22.06 25.71 24.38

Producer Gas 10.87 11.87 5.93

3

Brake Specific

Fuel Consumption

(Kg/Kwh)

Gasoline 0.0906 0.0777 0.0820

Producer Gas 0.1840 0.1685 0.3370

L/D = 0.9 TS – Piston A (Effect of Ignition Timing)

Sr. No Parameter Fuel 10˚ 15˚ 20˚

4 Peak Power (Watt)

Producer Gas

785.64 938.75 996.34

5
Brake Thermal

Efficiency (%)
17.19 20.54 21.80

6

Brake Specific

Fuel Consumption

(Kg/Kwh)

0.1200 0.0973 0.0917

1. When using producer gas as a fuel, the performance levels of all three pistons (L/D 1.0

– Piston A, L/D 1.0 – Piston T, and L/D 1.0 – 1 Piston S) are found to be lower than

when using petrol. This is due to the reduced volumetric efficiency attained when

using producer gas as a fuel. [8,20,22,37,30,35].

2. These results  can be validated  by the fact  that  though gasoline  is  having a higher

calorific value as compared to producer gas, but when considered with the mixture

(fuel + air)  calorific value at stoichiometric condition then it is 3.75 MJ/Kg for

gasoline and 2.12 MJ/Kg                                  for producer gas and mixture calorific value is more

important that fuel calorific value or engine. [62,63,64,65]
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3. Increasing the compression ratio [32] from 6.8:1 to 7.6:1 by changing L/D from 1.0 to

0.9                     and by using twin cleavage geometry [23,36,41] is observed to be responsible

for improved performance in terms of power output from 496.8 watts to 773.48 watts

resulting into 36%                  betterment in performance on producer gas as fuel.[41,63]

4. With  L/D  =  0.9  and  a  twin  spark  ignition  system,  performance  has  significantly

improved. With double spark ignition, the max output was found to be 785.64 watts at

3000 rpm. At L/D = 0.9, between single and dual spark, a relative improvement of 1–

2% in power is observed using producer gas – air fuel. As the distance of flame travel

is reduced, a lower L/D ratio with dual spark allows the flame front to reach the end

charge  at  a  faster  pace, enhancing  combustion  [20,25,29,35,41,48].  Furthermore,

improved turbulence owing to twin cleavage piston crown shape and a reduced L/D

ratio all contribute to a higher peak pressure, resulting in increased power output.[78]

[79][80]

5. Performance is greatly increased with  L/D = 0.9, twin spark ignition system, and

advanced  timing of 15˚ and 20˚. [50] The maximum output with this setup was 938.75

watt and 996.34 watt respectively. When employing producer gas – air fuel, simply

advancing the time from  15˚ to 20˚ results in a relative gain of about 6% in power. A

lower L/D ratio with dual spark                                                     allows the flame front to reach the end

charge at a faster rate as the distance of flame travel is reduced, boosting combustion

[11,12,17,18]. Improved turbulence due to a twin cleavage  piston crown shape [20-24,

41, 44, 59, 58] and a lower L/D ratio all contribute to a greater  peak pressure, which

results in increased power production with less emission.[82][83]

6. The thermal efficiency achieved with L/D 0.9 TS – Piston A with advanced timing of

20˚ on producer gas is 21.80 %, which is an improvement of the order of 100 % over

L/D 1.0 – Piston A on producer gas, having a thermal efficiency of 10.87 %, and the

deration factor for Piston A on producer gas with final configuration is almost zero

when  compared  to  the   performance of  the same Piston  A  on  petrol  as  a fuel.

[65,66,67]

7. In the 88 cc segment, L/D 0.9 TS – Piston A with advanced timing of 20˚ on producer

gas as fuel has reduced the deration to 26.27 % as compared to 63.24 % with L/D 1.0

– Piston  A (100 CC engine) on producer gas while comparing with standard piston

configuration of L/D 1.0 – Piston S on petrol with 100 CC engine. [84]
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8. Hence the deration from 1351 watt on petrol (Piston S) to 996.34 watt on PG has

reduced  from 63.24% to 26.27% by an engine from 100 CC to 88 CC which is 12%

smaller.
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As a result, the current study validates the importance of piston crown shape, compression

ratio, lower stroke-to-bore ratio, and advanced ignition timing in combination with dual

spark ignition  as a path to developing a dedicated producer gas engine technology.
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Chapter 5: Conclusions, My contributions and Future Scopes

Chapter 5

Conclusions, My Contributions and Scope 
of                                                Future Work

5.1 Conclusion:

Based on the design and extensive experimental investigations carried out on a 4 stroke,

air cooled,  naturally  aspirated  100  CC Producer  gas  fueled  S.I.  engine  to  study  the

performance  characteristics under both petrol and producer gas modes, the present work

authentically projects the compression ratio in the vicinity of 7.8, lower stroke to bore

ratio of the order of 0.9 and advancement in ignition timing by 20˚ assisted by twin spark

ignition system as a dedicated producer gas engine technology.
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5.2 My Contribution
My overall contribution in Development of Dedicated Producer Gas Engine Technology

is as summarized in the following Table     5-1.  

Table 5-1 Overall Summary for Development of Producer Gas Engine Technology

Sr. No Parameter Fuel
L/D = 1.0

Piston A Piston S Piston T

1
Peak Power

(Watt)

Gasoline 998.64 1351.48 1184.94

Producer Gas 496.8 600.3 297.99

2
Brake Thermal

Efficiency (%)

Gasoline 22.06 25.71 24.38

Producer Gas 10.87 11.87 5.93

3

Brake Specific 

Fuel Consumption

(Kg/Kwh)

Gasoline 0.0906 0.0777 0.0820

Producer Gas 0.1840 0.1685 0.3370

L/D = 0.9 TS – Piston A (Effect of Ignition Timing)

Sr. No Parameter Fuel 10˚ 15˚ 20˚

4 Peak Power (Watt)

Producer Gas

785.64 938.75 996.34

5
Brake Thermal

Efficiency (%)
17.19 20.54 21.80

6

Brake Specific

Fuel Consumption

(Kg/Kwh)

0.1200 0.0973 0.0917

1. When using producer gas as a fuel, the performance levels of all three pistons (L/D 1.0

– Piston A, L/D 1.0 – Piston T, and L/D 1.0 – 1 Piston S) are found to be lower than

when using petrol as a fuel. This is due to the reduced volumetric efficiency attained

when using producer gas as a fuel. The deration factor was found to be almost 50%

and more in all piston geometries. [8,20,22,37,30,35].
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2. These results  can be validated  by the fact  that  though gasoline  is  having a higher

calorific value as compared to producer gas, but when considered with the mixture

(fuel  +  air) calorific value at stoichiometric condition then it is 3.75 MJ/Kg for

gasoline and 2.12 MJ/Kg   for  producer  gas  and  mixture  calorific  value  is  more

important that fuel calorific value or engine.[85]

3. Increasing the compression ratio [32] from 6.8:1 to 7.6:1 by changing L/D from 1.0 to

0.9                 and by using twin cleavage geometry [23,36,41] is observed to be responsible

for improved      performance in terms of power output from 496.8 watts to 773.48 watts

resulting into 36%                                          betterment in performance on producer gas as fuel.[86]

4. With  L/D  =  0.9  and  a  twin  spark  ignition  system,  performance  has  significantly

improved. With double spark ignition, the max output was found to be 785.64 watts at

3000 rpm. At L/D = 0.9, between single and dual spark, a relative improvement of 1–

2% in power is observed using producer gas – air fuel. As the distance of flame travel

is reduced, a lower L/D ratio with dual spark allows the flame front to reach the end

charge  at  a  faster  pace, enhancing  combustion  [20,25,29,35,41,48].  Furthermore,

improved turbulence owing to twin cleavage piston crown shape and a reduced L/D

ratio all contribute to a higher peak pressure, resulting in increased power output.[87]

5. Performance is greatly increased with  L/D = 0.9, twin spark ignition system, and

advanced                                               timing of 15˚ and 20˚. The maximum output with this setup was

938.75 watt and 996.34 watt respectively. When employing producer gas – air fuel,

simply advancing the time from 15˚ to 20˚ results in a relative gain of about 6% in

power. A lower L/D ratio with dual spark                  allows the flame front to reach the end

charge at a faster rate as the distance of flame travel is reduced, boosting combustion

[11,12,17,18,65,66,68,76]. Improved turbulence due to a twin cleavage piston crown

shape  [20-24,  41,  44,  59]  and  a  lower  L/D  ratio  all  contribute to a greater peak

pressure, which results in increased power production with less emissions.[82]

6. The thermal efficiency achieved with L/D 0.9 TS – Piston A with advanced timing of

20˚ on producer gas is 21.80 %, which is an improvement of the order of 100 % over

L/D 1.0 – Piston A on producer gas, having a thermal efficiency of 10.87 %, and the

deration factor for Piston A on producer gas with final configuration is almost zero

when compared to the                               performance of the same Piston A on petrol as a fuel.[88]
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7. In the 88 cc segment, L/D 0.9 TS – Piston A with advanced timing of 20˚ on producer

gas as fuel has reduced the deration to 26.27 % as compared to 63.24 % with L/D 1.0 –

Piston A (100 CC engine) on producer  gas while comparing with standard piston

configuration of  L/D 1.0 – Piston S on petrol with 100 CC engine.

8. Hence the deration from 1351 watt on petrol (Piston S) to 996.34 watt on PG has

reduced  from 63.24% to 26.27% by an engine from 100 CC to 88 CC which is 12%

smaller.

As a result, the current study validates the importance of piston crown shape, compression

ratio, lower stroke-to-bore ratio, and advanced ignition timing in combination with dual

spark ignition                          as a path to developing a dedicated producer gas engine technology.
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5.3 Future Scope

Minor  changes  in  the  engine  configuration,  such  as  piston  geometry  having  more

cleavage, improved compression ratio  from 6.8 to  7.8,  lower stroke-to-bore (L/D=0.9)

with advanced ignition timing of 20˚ and twin spark ignition system in the single cylinder,

four stroke, air cooled SI engine, have been demonstrated to be a dedicated producer gas

engine technology that can be used in required application. However, there are some good

elements  that  stretch this work as the scope of future work in order to examine the

repeatability of performance. The                                 following are summaries of the work's future

scope:

Towards     Gasification     System:  

 Development  of  more effective  scrubbers  which  are  cost  effective  and easy to

handle and can be operated with the easily accessible scrubbing material.

 Optimization of air – fuel ratio in the gasifier for getting proper quality of producer

gas  continuously.

Towards     Engine     setup     side:  

 More pistons can be investigated for better performance.

 Modification and optimization in the intake manifold which can create better

swirl                                     characteristics.

 To study the effect of Highest Useful Compression Ratio (HUCR) on the

performance                               of the engine.

 Effect of gas homogeneity in the bottled gas cylinder on performance of engine.

 Effect of ignition voltage can be studied.
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Appendix A

Theoretical & Experimental Investigation of Producer Gas Dedicated Engine Technology
Mahida Hirenkumar Ranjitsinh

Table A1:Piston A, Piston S and Piston T (L/D=1.0)

(Fuel: Petrol)

Speed= 3000 rpm

Power
Piston T Piston S Piston A

BSFC
(Kg/kwh)

BTE
(%)

BSFC
(Kg/kwh)

BTE
(%)

BSFC
(Kg/kwh)

BTE
(%)

100 0.8877 2.25 0.8767 2.28 0.9785 2.04

200 0.4908 4.08 0.4779 4.19 0.5354 3.74

300 0.3592 5.57 0.3428 5.83 0.3710 5.39

400 0.2905 6.88 0.2693 7.43 0.2886 6.93

500 0.2512 7.96 0.2237 8.94 0.2349 8.52

600 0.2179 9.18 0.1950 10.26 0.2061 9.70

700 0.1785 11.20 0.1724 11.60 0.1403 14.26

800 0.1511 13.24 0.1534 13.04 0.1213 16.49

900 0.1280 15.62 0.1376 14.53 0.0975 20.51

1000 0.1089 18.37 0.1219 16.41 0.0907 22.06

1100 0.0949 21.07 0.1087 18.39

1200 0.0820 24.38 0.0970 20.61

1300 0.0869 23.03

1400 0.0778 25.71
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Appendix- A

Theoretical & Experimental Investigation of Producer Gas Dedicated Engine Technology
Mahida Hirenkumar Ranjitsinh

Table A2: Piston A, Piston S and Piston T
(L/D=1.0)

(Fuel: Producer Gas)

Speed= 3000 rpm

.

Powe
r

Pisto
n T

Pisto
n S

Piston
A

BSFC
(Kg/kwh)

BTE
(%)

BSFC
(Kg/kwh)

BTE
(%)

BSFC
(Kg/kwh)

BTE
(%)

10
0

0.9089 2.20 0.8239 2.43 0.8424 2.37

20
0

0.4655 4.30 0.4582 4.36 0.4509 4.44

30
0

0.3371 5.93 0.3177 6.29 0.3249 6.16

40
0

0.2441 8.19 0.2534 7.89

50
0

0.2013 9.94 0.1841 10.87

60
0

0.1685 11.87
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Table A3: Piston A (L/D=0.9)

(Single Sparking & Twin Sparking)

(Fuel: Producer Gas)

Speed= 3000 rpm

Power
Piston A (Single Sparking) Piston A (Twin Sparking)

BSFC
(Kg/kwh) BTE (%) BSFC (Kg/kwh) BTE (%)

100 0.6947 2.88 0.9901 2.02

200 0.4047 4.94 0.5302 3.77

300 0.2886 6.93 0.3661 5.46

400 0.2104 9.51 0.2857 7.00

500 0.1763 11.35 0.2413 8.29

600 0.1638 12.21 0.1448 13.81

700 0.1302 15.36 0.1395 15.23

800 0.1181 16.93 0.1299 16.42

850 0.12 17.19
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Table A4: Piston A (L/D=0.9)

(Twin Sparking and 15° & 20°Advanced Timing)

(Fuel: Producer Gas)

Speed= 3000 rpm

Power

Piston A (Twin Sparking)
15° Advanced

Piston A (Twin
Sparking)

20° Advanced
BSFC

(Kg/kwh) BTE (%)
BSFC

(Kg/kwh)
BTE
(%)

100 0.8103 2.47 0.8059 2.48

200 0.4242 4.72 0.4205 4.76

300 0.2945 6.79 0.2917 6.86

400 0.2327 8.60 0.2276 8.79

500 0.1924 10.39 0.1901 10.52

600 0.1650 12.12 0.1586 12.61

700 0.1381 14.48 0.1399 14.29

800 0.1250 16.00 0.1204 16.61

900 0.1078 18.56 0.1022 19.56

1000 0.0974 20.54 0.0917 21.80
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Table A5: Overall Comparison

Piston S (Petrol), Piston A (Petrol)

Piston A (L/D=1.0) (Producer Gas)

Piston A (L/D =0.9) (TS) 20°Advanced

(Producer Gas)

Power

Piston S (Petrol) Piston A (Petrol)
Piston A (L/D=1)
(Producer Gas)

Piston A (L/D =0.9)
TS 20°Advanced

Producer GAs
BSFC
(Kg/
kwh)

BTE
(%)

BSFC
(Kg/
kwh)

BTE
(%)

BSFC
(Kg/
kwh)

BTE
(%)

BSFC
(Kg/kwh)

BTE
(%)

100 0.8767 2.28 0.9785 2.04 0.8424 2.37 0.8059 2.48

200 0.4779 4.19 0.5354 3.74 0.4509 4.44 0.4205 4.76

300 0.3428 5.83 0.3710 5.39 0.3249 6.16 0.2917 6.86

400 0.2693 7.43 0.2886 6.93 0.2534 7.89 0.2276 8.79

500 0.2237 8.94 0.2349 8.52 0.1841 10.87 0.1901 10.52

600 0.1950 10.26 0.2061 9.70 0.1586 12.61

700 0.1724 11.60 0.1403 14.26 0.1399 14.29

800 0.1534 13.04 0.1213 16.49 0.1204 16.61

900 0.1376 14.53 0.0975 20.51 0.1022 19.56

1000 0.1219 16.41 0.0907 22.06 0.0917 21.80

1100 0.1087 18.39

1200 0.0970 20.61

1300 0.0869 23.03

1400 0.0778 25.71
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Table B1: Uncertainty Values of Measuring
Instruments

Sr. No Parameters Variations

1 Speed (N) +0.05%

2 Voltage (V) +1.5%

3 Current (I) +1.0%

4 Air Velocity +3.0%

5 Air Temperature +2°C
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Table B2: Sample Table for Uncertainty
Analysis

Piston A L/D= 1, Compression ratio= 6.8

(Petrol), Speed= 3000 rpm.

V P I V act I act P act dP dP/ P (%)

230 100 0.434783 233 0.42 97.86 2.14 2.14

230 200 0.869565 233 0.86 200.38 -0.38 -0.19

230 300 1.304348 232 1.28 296.96 3.04 1.013333

230 400 1.73913 232 1.71 396.72 3.28 0.82

230 500 2.173913 231 2.15 496.65 3.35 0.67

230 600 2.608696 230 2.62 602.6 -2.6 -0.43333

230 700 3.043478 230 2.96 680.8 19.2 2.742857

230 800 3.478261 229 3.42 783.18 16.82 2.1025

230 900 3.913043 229 3.92 897.68 2.32 0.257778

230 1000 4.347826 228 4.38 998.64 1.36 0.136
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Table C1: Ultra-pure gas Bottled gas
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Table C2: Physico-Chemical Properties of Biomass

176 | P a g e        



Table C3: Producer Gas Composition

(Ankur Scientific Gasifier – Baroda)
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Table C4: Calculation of Air Fuel (A/F) Ratio

Producer     Gas     Composition     (Sample     Date:     06/03/2021)  

H2 : 16.16% ,CO : 17.15%,CH4: 1.83%,CO2: 14.83%,N2: 49.98%

Calorific Value: 1223.89 Kcal/NM3

Combustible elements in above composition: H2, CO and CH4

O  2         Requirement:  

1) CO Combustion:

CO + 0.5 O2 = CO2 

17.15 * 0.5 = 8.575 %

2) CH4 Combustion:

CH4 + 2 O2 = CO2 + 

2H2O 1.83 * 2 = 3.66 

%

3) H2 Combustion:

H2 + 0.5 O2 = 

H2O 16.16 * 0.5 

= 8.08 %

Total 02 required = 8.575+3.66+8.08 = 20.315 %

N  2         Balance:  

N2 from producer gas: 49.98 %

N2 from Air = (20.315 *79)/ 21 = 76.42 %

Total N2 = 49.98+76.42 = 126.4 %

Amount of Air required = 126.4 + 20.315 = 146.715 %

Air Fuel Ratio = 146.715/100 = 1.467
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