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ABSTRACT

Energy demand of the world is increasing progressively. The two imperative issues the world
currently facing are the depletion of fossil fuels and their environmental impact. Since these
fossil fuels are the major source of energy being utilized by the human race, hence the energy
demand depends on the availability of fossil fuels. Therefore, increasing demand is
endangering the survival and sustainability of life support system. In this regard depletion of
fossil fuel reserves, energy scarcity, global warming, and increase in pollutants in atmosphere
are matters of great concern today. Internal Combustion (IC) Engines have become a major
factor in transforming and organizing social life as these are the prime movers of automobiles
and also used in stationary applications such as power generation. IC engines are used either
in a form of Compression Ignition (CI) or Spark Ignition (SI) and the commonly used fuels
are diesel (CI) and gasoline (SI) for producing power. Both diesel and gasoline are obtained
from fossil reserves. So it has become necessary to look for alternate fuels for sustainable
development since IC engines will continue to dominate automotive sector and can be used in

power generation in near future.

Alternate fuels promise sustainable development, energy conservation, efficiency and
environment preservation. Alternate fuels like biodiesels, methyl alcohol, ethyl alcohol,
biogas, hydrogen and producer gas have proved themselves as successful fossil fuel
substitutes for internal combustion engine. Also, various alternate fuels and polygeneration
technologies can be combined, leading to sharp decrease in emission levels in most of the
applications in our day today life. Among the new alternate fuels, acetylene has a great
potential to act as future alternate fuels for IC engines due to its favorable combustion
properties. Hence, in the present research work, the experimental investigation of the
performance, emission and combustion characteristics for a diesel-acetylene fuelled,
stationary, water-cooled, constant speed, single cylinder, 4-stroke, compression ignition
engine was carried out at varying (i) flow rates of acetylene, (ii) compression ratio (CR), (iii)
injection pressure (IP) and (iv) injection timing (IT). Constant pressure and constant flow rate
acetylene gas generator was used for production of acetylene gas which was utilized as
alternate fuel in the present study. To establish the baseline, while running the engine in
diesel mode, best performance was obtained at CR 20 with IP 210 bar and IT 23° bTDC and
hence, these conditions were taken as baseline for testing in dual fuel mode. Engine was then

tested for dual fuel operation to find the optimum flow rate of acetylene. Best results in terms



of performance were obtained at 120 litres per hour (LPH) flow rate of acetylene. In order to
find the optimum compression ratio (CR) the engine was operated in dual fuel mode at 120
LPH flow rate of acetylene at varying CRs keeping the IP and IT same as that of baseline.
The highest brake thermal efficiency (BTE) was obtained at CR 21 which was considered as
optimum CR in dual fuel mode. The engine was further tested in dual fuel mode at 120 LPH
flow rate and CR 21 for different injection pressures (IPs) to obtain the optimum injection
pressure. Injection pressure (IP) of 200 bar was found to be optimum in case of dual fuel
mode. On varying the injection timings (ITs) in dual fuel mode at CR 21, IP 200 bar and 120
LPH, best engine performance was obtained at 23° bTDC IT. Thus, 23° bTDC IT was

considered as optimum IT for dual fuel mode.

It was therefore concluded that acetylene can be easily operated in dual fuel mode with better
performance at CR 21, IP of 200 bar and IT of 23° bTDC without any major modifications in

engine.

CFD analysis using Ansys Fluent software was carried out. Pressure-crank angle diagrams of
optimized diesel and optimized dual fuel mode for 100% load were validated with
experimental results. Simulations results showed good agreement with the current

experimental study.

Hence, using acetylene as alternate fuel in stationary C.l. engine is found feasible with
improved performance and reduced emissions except NOy emissions, which could be

controlled by applying emission reduction techniques such as EGR, LNT etc.

Vi
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CHAPTER 1
INTRODUCTION
1.1 Energy demand and crisis

Economic growth of any country is co-related with its energy consumption. Energy demand
increases with the advancement in living standard and development of the country. World

energy consumption is growing at a fast pace as shown in Fig.1.1 [1].

1.000 History Projections
800
600 ’
{Non-OECD
400 — E
200
JOECD

1990 2000 2012 2020 2030 2040

Fig.1.1 Energy consumption of the world for the period 1990-2040 (in quadrillion Btu) [1]

From Fig. 1.1, it is clear that world consumption of marketed energy is likely to increase
from 549 quadrillion Btu [579,195 x 10™ Joules] (2012) to 815 quadrillion Btu [859,825 x
10" Joules] in 2040 [1]. Along with India and China, Non-OECD Asia account for more than
half of universal increase in estimated energy consumption over the period of 2012 to 2040 as
is evident from Table 1.1 [1].



Table 1.1World energy consumption by country / region (in quadrillion Btu) [1]

Year 2
2012 2020 2025 2030 2035 2040
Region |
America 118 126 128 131 134 138
OECD Europe 81 85 87 90 93 96
Asia 39 43 45 46 47 48
Europe 51 52 55 56 58 58
Asia 175 223 246 270 295 322
NON fri
OECD Africa 22 26 30 34 38 44
Middle East 32 41 45 51 57 62
America 31 33 37 40 43 47
Total 549 629 673 718 765 815
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Fig. 1.2 World energy consumption by energy source (in quadrillion Btu) [1]

World projected consumption of marketed energy from most of the fuel sources through 2040
is shown in Fig. 1.2, which shows that liquid fuels (mostly fossil fuels) will continue to be the
largest source of world energy supply for many decades to come. Coal will continue to be the
second to the largest energy source worldwide after petroleum & other liquids until 2030. For
the duration of 2030 to 2040, coal will possibly be the third-largest energy source, after both

natural gas and liquid fuels. Worldwide natural gas consumption is projected to increase from



120 Tcf in 2012 or 3.398 trillion cubic metre to 203 Tcf (trillion cubic feet) or 5.748 trillion
cubic metre in 2040 i.e. 2.47 % increase per year (taken on straight line) from 2012 to 2040,
which is almost 4 times the percentage increase as compared to that of coal.

The transportation sector consumed 25% of total world energy consumption in 2012, and
transportation energy use shall increase by 1.4% per year from 2012 till 2040. The industrial
sector shares 54% of global delivered energy consumed in 2012, and its energy consumption
is estimated to grow by an average of 1.2% a year from 2012 to 2040. Economic growth
increases in  industrial  output, which requires the movement of raw
materials to manufacturing sites, as well as transportation of ready to use goods to end
users. The key factors for increase in transportation energy demand are growth rates for
economic activity, population and trends in vehicle fuel efficiency. In addition, increase in
the demand for personal transport facility is a primary contributing factor for increase in
energy demand for transportation. Also, urbanization and in increase in income contribute to

increase in air travel and vehicle population in the developing non-OECD economies [1].
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Fig. 1.3 Transportation sector world energy consumption (in quadrillion Btu)[1]

Fig. 1.3 shows the world energy consumption by energy source in transport sector for the
period 2010 to 2040 and it is clear for the figure that liquid petroleum fuel constitutes for
more than 85% of world energy consumption in transport sector in 2012 and a similar
percentage is expected even in 2040.



As seen from Table 1.2, liquid fuels consumption of the world shall increase by approx. 31
million b/d (4929 million litres/d), from 90 million b/d (14310 million litres/d) in 2012 to 121
million b/d in 2040 (19239 million litres/d). Oil prices are estimated to rise as need from the
emerging, non-OECD economies increase, especially in the transportation & industrial
sectors. Continuous increase in oil prices motivates consumers to swap from liquid fuels to
more cost-competitive fuels wherever feasible. A sharp decrease in liquid fuel consumption
occurs in the electric power sector where unconventional fuels, nuclear power and natural gas

are exchanging liquid fuels at various places of the world.

Table 1.2 Petroleum & other liquid fuel consumption worldwide for the period 1990-2040
(million b/d) [1]

Average annual
percent change

Region 1990 2000 2012 2020 2030 2040 1990-2012 2012-2040
OECD 42.2 48.7 455 458 455 46.1 03 0.0
Americas 206 243 23.2 244 243 246 05 02
Europe 14.0 156 141 13.7 137 14.0 0.0 00
Asia 76 88 82 1.7 75 75 04 03
Non-OECD 25.0 29.0 448 54.5 63.6 748 2.7 19
Europe and Eurasia 93 44 53 58 62 6.1 25 05
Asla 66 125 215 26.7 322 389 55 21
Middle East 33 45 1.7 10.0 113 13.2 39 20
Africa 21 25 36 45 55 69 26 24
Americas 38 50 6.7 75 85 9.6 27 1.3
Total world 67.2 .7 90.3 100.3 1091 1209 14 1.0

The alarming situations of energy security, fossil fuel emissions in environment and high oil
prices in long term encourage extended use of renewable energy sources, natural gas and
nuclear power. In 2040, liquid fuels, coal and natural gas is estimated for about 78% of total
world energy supply. Petroleum and other liquid fuels remain the largest source of energy,
although their share of total world marketed energy consumption is expected to decline from
33% in 2012 to 30% in 2040[1].

India is in a major transformation phase, fast electrification of villages, digitalization, and
enhanced industrialization creating opportunities to its citizens. India has been sharing for
almost 10 % of the total increase in world energy need since 2000. India’s energy demand is
pushing the country’s share in global energy demand up to 5.7 % in 2013 from 4.4 % at the
beginning of this century. Almost 75% of Indian energy demand is met by fossil fuels. Table
1.3 represents primary energy demand by fuel in India.



Table 1.3 Statistics of India- Primary energy demand of fuel (in Mtoe) [2]

Year 2

2000 2013 2020 2030 2040
Fuel |
Oil 112 176 229 329 458
Natural Gas | 23 45 58 103 149
Coal 146 341 476 690 934
Nuclear 4 9 17 43 70
Renewable 156 204 237 275 297
Total 441 775 1018 1440 1908

Demand for oil in India is expected to rise from 6.0 mb/d (954 million litres/d) in 2013 to 9.8
mb/d (1558.2 million litres/d) in 2040. Transport sector is the major consumer of petroleum.
In India, the current demand in transport sector is 75 Mtoe (i.e. 14 % of total energy
consumed in India) and it is expected to reach 240 Mtoe by 2040. Passenger cars’ population
is expected to rise from 28 million in 2013 to 280 million by 2040 and an additional 30
million more trucks will be on road by 2040 as compared to 2013. 2/3 wheeler population is
expected to double by 2040 [3, 2]. Fig. 1.4 shows the expected increase in vehicle population
in India and it looks clear that IC engines (gasoline and diesel) will be the main technology in

the foreseeable future [4].
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Fig. 1.4 Expected increase of vehicle population in India between 2013 and 2035 [4]
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Fig. 1.5 shows the consumption pattern of various petroleum products in India for 2014-15,
with diesel having 42% share (much more than triple of motor spirit, i.e. petrol/gasoline and
LPG).
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Fig. 1.5 India’s consumption pattern of petroleum products in 2014-15 [5]

As seen from the above details, the world is intensely reliant on fossil fuels as primary energy
source, and this is particularly evident in all industrialized nations. Some major users of fossil
fuels are the utility, industrial, residential, and transportation sectors [6]. These fossil fuels on
combustion release greenhouse gases and other pollutants into the atmosphere and become
the biggest source of air pollution [7].Exhaust emissions of the diesel engines consists of
various toxic and carcinogenic pollutants and greenhouse gases such as CO, which are very
harmful to the environment. It has been a well-known fact that increased amount of
greenhouse gases are key factor to global warming & global climate change. CO,, NOy and
CH, are the three most polluting greenhouse gases which are responsible for lowering the
quality environment. Although not a greenhouse gas, particulate matter is also an air pollutant
released from exhaust emissions. Ozone gas is a powerful irritant to the human respiratory
system which is generated in the atmosphere by the reaction of various gases released from
engine. The major health problems due to exhaust emissions (consisting primarily of PM,
NOx and CO,) are headache, fatigue, respiratory problems, wheezing, cough, cancer, chest



pain, reduced reflexes, etc. Table 1.4 shows the ill effects of various pollutants on health and

ecosystem.

Table 1.4 Effect of various air pollutants on health and ecosystem [8]

Air Pollutant Effects
Criteria pollutants (i.e., CO, SO, NO,, O3, | Adverse health, ecosystem effects like upper
PM2.5/PM10 and Pb) respiratory illnesses such as asthma and
emphysema
Light scattering and absorbing PM and Adverse visibility, health and ecosystem effects
gases (e.g., NOs-, NH4+, OC, sea salt, soil
and NO,)

Hazardous Air Pollutants (HAPs, or toxics; | Carcinogenic health effects (cancer,
e.g., persistent organic pollutants [POPs] reproductive or birth defects)

and metals [e.g. Cr, Cu, Hg, As, Cd, Ni, Adverse environmental effects (bio-
Pb, Se and Zn]) accumulation of Hg in fish and lakes)

Oxidizing pollutants (e.g., H+, SO4=and Destruction of forests, crops and lakes
0s)

Depositing pollutants (e.g., SO,, HNO3, Soiling and degradation of buildings,

03, soot [BC] and soil dust) antiquities, vehicles and clothing

Reduced sulfur compounds and certain Unpleasant odors

VOCs

Climate forcers (e.g., BC, O3, CO,, CHy, Alter earth’s radiation balance (e.g., absorbing

and halocarbons [Freon-122]) electromagnetic radiation, depleting
stratospheric Oz and changing cloud cover and
water vapor)

Diesel engines, despite of their environmental issues, are the popular means of powering
heavy-duty trucks, buses, stationary engines and construction vehicles (CV) because they are
quite reliable, fuel efficient, durable, relatively lesser inexpensive in operating cost, high-
torque (at low speeds) engines. The power and speed of the diesel engine are controlled by
varying the amount of fuel injected into the cylinder and hence are called quality governing.
Diesel-powered vehicles have shown a 30-40% fuel economical as compare to their gasoline
counterparts. This translates to about a 20% reduction in CO, emissions [9]. Because of the
above features, fuel efficiency and lower CO, emissions, diesel engines are popular and

significant powertrain for several applications.




1.2 Need for alternate fuels

Fossil fuel reserves are limited and cannot be recycled. Fossil resources suffered from over-
exploitation which led to increase in hazardous pollutants also. The uncertainties related to
fossil fuels have adversely impacted the developing countries like India, which depend
heavily on import of fossil fuels. Energy supplied from fossil fuels is considered to be
unsustainable since the energy crisis from early 1970s [10, 11]. Based on the current scenario
and energy consumption rate, British Petroleum has estimated that most fossil sources, i.e.
crude oil, natural gas and coal, will get depleted quite fast and would be exhausted very soon
[10].

Our society relies heavily on IC engines for different purposes viz., transportation,
agriculture, power generation, etc. Therefore, research in both gasoline and diesel engines are
required for improvement in fuel efficiency and emission reduction. Even a small
improvement in fuel efficiency can have a major impact on economy and pollution [12].
Direct injection technology which helps the reduction of environmental pollutants, heavy-
duty diesel engines is mandated by federal government regulations. These mandates have
provoked the automobile industries to investigate the alternatives for conventional fuel

injection systems and have developed interest in the development of “clean” fuels [13].

Hence, for sustainability of energy there is a great demand to identify and explore new and
renewable sources of energy, and at the same time invention of new and improved methods
or technologies, like alternate fuels, energy storage, cogeneration, trigeneration, waste heat
recovery, variable frequency drives, fuel injection systems, etc. to increase energy efficiency,

in order to reduce the dependency on primary energy sources.

Alternative fuels promise sustainable development, energy conservation, efficiency and
environmental preservation. Various alternate fuels and micro-trigeneration technologies can

be combined, leading to sharp decrease in almost all the emissions [14].

1.3 Alternate fuels, engine modifications, HEV, FEV, Fuel cells, etc.

Development of alternative fuels for IC engines has become important for meeting the
increasingly stringent exhaust emissions norms being implemented globally. Furthermore, it
can be economical, due to the lower costs in process and production of these fuels. Liquefied
Petroleum Gas (LPG), Compressed Natural Gas (CNG), Hydrogen-CNG blended fuel



(HCNG), biodiesels, alcohols, etc. are good promising alternative fuels in India. A lot of
work for engine sub-parts of the baseline SI/CI engine, such as combustion bowl, CR, the
exhaust system, the air-intake system, after treatment device are suitably modified to achieve
the target standards. Experience of developing CNG/LPG engines with carburetion and
injection kit fuel technologies is available. The charge stratification in the CNG combustion
chamber permits extremely lean combustion without high cycle-by-cycle variations with high
combustion efficiency. Fuel system parts such as 1st stage reducer, 2nd stage
reducer and mixer are also suitably modified & optimized to achieve target specifications. A
6-Cylinder HCNG naturally aspirated engine using the lean burn concept of combustion is

being developed. [15].

Fuel cell is another promising technology in automobiles in future replacing IC engines. After
researching on many possible fuels and membranes, hydrogen seems to be the best fuel for
fuel cell. However, carrying hydrogen on vehicle is difficult and dangerous. Hence,
production of hydrogen from water by electrolysis on the running vehicle is tried but has
certain limitations like the time and energy required for electrolysis process to produce the
desired amount of hydrogen for fuel cell. Fuel cells can also be used with natural gas or other
fuels by external or internal reforming which normally run on hydrogen [16]. Fuel cells are
still in the R&D stage [20]. The benefits of fuel cells are: higher efficiency (up to 60%
electric), negligible pollution, fuel cells are very quiet [16, 17, 18, 19]. The major problem of
fuel cells is its shorter lifetime of the membrane and its high cost [16, 19].

HEV and FEV, Solar cars, etc. are other good solutions as alternate sources of energy and at
the same time reduction in emissions. However, these technologies are also in their early
stage and commercial acceptance of these might take couple of decades. Some of the

constraints are high cost to power ratio, maximum speed, etc.
1.4 Stationary diesel engines

Stationary engines are often used where there is no access to the grid to supply electric power
or as emergency generators when there is a shortage of continuous supply of the main source
of power from grid. However, in certain cases, it is also cheaper to generate power through a

diesel generator set than to buy electric power from the supply of grid.



CHAPTER 2

LITERATURE REVIEW

As seen in the previous chapter, lots of focus and purpose is there on reduction of usage of
fossil fuels and replacement of the same with alternate energy sources. These alternate energy
sources are (i) alternate fuels viz., bio-diesels, alcohols, LPG, CNG, bio-gas, hydrogen,
acetylene, etc., (ii) renewable energy sources viz., solar energy, hydel energy, wind energy,
tidal energy, etc., (iii) nuclear power, (iv) fuel cells, etc. As far as IC engines are concerned,
the alternatives available (for the purpose of reduction of fossil fuels’ usage as well as
emission reduction) are (i) alternate fuels as mentioned above, (ii) HEV and FEVs, (iii) fuel
cells, etc. Lots of research has been done in the above areas and a gist of the same is

presented in this chapter.
2.1 Alternate fuels for IC engines

The principal oxygenate fuels such as vegetable oils,methanol and ethanol, and methyl and
ethyl esters produced from vegetable oils are under active investigation as alternate fuels
[21].

2.1.1 Biodiesel

In an agrarian nation like India the utilization of vegetable oil would be economically viable
due to its reduced dependence on import of oil based commodities and large productivity.
Vegetable oils appear to be a precursor as they are sustainable and are effectively accessible
[22]. Due to the poor atomization and high viscosity of SVO causes improper mixing and
combustion. Moreover, usage of plant oils raise technical, economic and environmental

issues [23].

Oner et al. reported reduction of 15%, 38.5%, 56.8%and 72.7% for that CO, NOy, smoke and
SO, respectively while using animal tallow methyl ester in diesel engine (B100) compared to
diesel [24].

Pradhan et al. carried out experimental study using preheated Jatropha oil (PJO) in diesel
engine. The results showed increment in BSFC and EGT while reduction in BTE with PJO as
compared to high speed diesel (HSD) for all engine loads. CO,, HC and NOy were reduced
while CO increased for PJO as compared to those of HSD [25].
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Alcohol can be utilized as alternate fuel for Cl Engines. Different studies have been
conducted using methanol and ethanol, using various techniques with different alcohol-diesel

blends in dual fuel mode.
2.1.2 Ethanol

Ethanol is also known as ethyl alcohol. It is a colorless liquid with a characteristic, acceptable
odor. Ethanol (CH3;CH,OH) molecule contains a hydroxyl group. Ethanol obtained from
cellulosic biomass materials is called bioethanol[26].

Alcohols appear to be the most attractive alternative fuel from the perspective of its
availability, storage and handling. Though complete replacement of diesel with alcohol is not
easy, still several investigations have been done using alcohols with different techniques and
different quantities of alcohols in dual fuel mode [27]. Wang et al. reported increase in HC,
CO, NOy and NO,while adding ethanol with diesel [28]. Padala et al. investigated the effect
of ethanol utilization in diesel engine and found that, a 10% efficiency gain was achieved
with 60% ethanol energy fraction and on increasing ethanol energy fraction, increase in HC,
CO and NOy emissions was observed [29]. The performance of CI engine improved and the
exhaust emissions were fairly reduced on using BE20 (80% biodiesel and 20% ethanol) in
diesel engine [30]. The use of ethanol-diesel blends with a CLZ, a novel emulsifier improved
engine performance, reduced smoke and NOy emissions, while the total hydrocarbon (THC)
emission increased [31]. Advantages of the ethanol-diesel dual fuel operation were energy
security, sustainability of the renewable fuel with reduced CO, and smoke[32].

2.1.3 Methanol

Methanol (CH3OH)is oxygenated fuel having high latent heat of vaporization. It has high
burning speed. The particulate and NOy emissions can be reduced by using it in diesel
engines [33].Wei et al. studied the effect of methanol to diesel ratio, Ryp and diesel injection
timing (DIT) in methanol port premixed diesel engine and found that BTE remained stable at
low Rwmp, but showed a slight decrease at high Ryp. NOy and soot emissions decreased while
HC and CO emissions increased as Ryp increased. On retarding DIT, HC emission initially
increased and then decreased, while CO emission always increased [34]. Wang et al. carried
out experimental investigation in methanol fumigated diesel engine. The experimental results
showed that the viable diesel-methanol dual fuel (DMDF) operating range in terms of load

and methanol substitution percent (MSP) was achieved over a load range from 6% to 100%.
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[35]. Wei et al. studied the effects of pilot injection of diesel-methanol dual fuel engine. They
found that pilot injection strategy could reduce most of gaseous emissions in comparison to
single injection. Increasing pilot quantity could reduce HC, CO and most of unregulated
emissions of DMDF engine. Advancing pilot injection timing caused an increase in some

unregulated emissions on M50 mode[36].

Methanol can be used in diesel engines in the fumigation mode with diesel fuel injected
directly into the engine cylinder and with methanol injected into the air intake. Fumigation
methanol influences engine combustion and particulate emissions. It reduces diesel fuel
consumed and increases heat released in premixed mode. Peak cylinder pressure is increased
at high engine load but reduced at low engine load. It increases ignition delay and peak heat

release rate but not combustion duration. [37].

Unlike ethanol-gasoline blend, ethanol-diesel blend has some concerns regarding lubricity,

reduced flash point and startability problems.

The high production cost and performance losses of liquid fuels encourage the use of gaseous
fuels as better alternative fuels for IC engines. Fuels like CNG, LPG and hydrogen are

prominent gaseous fuels.
2.1.4 Hydrogen

Hydrogen is the most abundant element in the universe. Hydrogen gas (H,) is being explored
to use in IC engines and fuel cell electric vehicles. On burning, it creates only water vapor as
a by-product. It also produces small amounts of NOy, UHC and CO because of engine
lubricants still the exhaust is free from CO,. Being a gas at NTP, it faces problems like

transportation and storage [38].

The addition of hydrogen as a combustion enhancer can be used to counteract the increase in
THC emissions seen with the butanol fuel blends and can further reduce CO and PM
emissions [39]. Yadav et al. conducted experimental study using hydrogen in dual fuel mode
with diesel. The results showed lower exhaust emissions and improved performance. At 70%
load, the BTE was increased by 10.71% with the supply of 120 g/h of hydrogen in
comparison to neat diesel due to better combustion characteristics of hydrogen [40]. Yadav et
al. conducted experiments with hydrogen in DF mode, with varying injection timings (18.5 to
27.5° CA) and flow rates of hydrogen (80, 120 and 150 g/hr). Maximum BTE and minimum

12



BSEC were obtained at 120 g/h flow rate and 20° IT [41]. Santoso introduced hydrogen to
the intake manifold using a mixer before entering the combustion chamber. At low load,
hydrogen enrichment reduced cylinder peak pressure and efficiency. The combustion rate of

reaction was slower as per the CFD calculations [42].
2.1.5 Liquefied Petroleum Gas (LPG)

LPG is a by-product of natural gas processing. It is a product that comes from crude oil
refining. It is composed primarily of propane and butane. Although small amounts of
propylene and butylene is also present in it. The characteristics of propane are considered

closely to those of LPG because LPG’s mostly part is propane,

LPG dual fuel engines are modified diesel engines. LPG is used as primary fuel and diesel as
secondary fuel in DF engines. LPG DF engines have a good thermal efficiency at high loads
but less during part load [43]. LPG can be used in diesel engines with significant reductions
in nitrous oxides and smoke emissions [44]. As per the experimental results of Tira et al.,up
to 60% of liquid fuel was replaced by LPG. Engine combustion variability was kept within
the acceptable range. Clear benefits in the soot-NOy trade-off were obtained [45]. LPG_4
(25% Propane) is showing the best performance among the other fuel types with the highest
level of efficiency with small noise. Compression ratio of 20 seems to be the best among
other tested [46]. Exhaust emissions and fuel conversion efficiency of DF engine were
affected using different LPG composition. 30% butane with 70% propane was found to be the

best LPG composition at peak loads in the DF operation [47].
2.1.6 Biogas

The biogas can reduce the diesel fuel consumption significantly in dual fuel mode. BTE of CI
engine run in dual fuel mode is strongly affected by biogas flow rate and methane
concentration [48]. Biogas when used in stationary engines, resulted in significant reduction
in HC and CO emission. It offers reliable idling, easy starting & stumble free acceleration.
Storage is the biggest challenge for the use of biogas. It was experimentally observed that
methane enriched biogas exhibits performance similar to that of CNG. Hence, methane
enriched biogas is equally good as natural gas [49].Bora et al. used biogas in dual fuel engine
at various CRs (18, 17.5, 17 and 16) under varying loading conditions at IT of 23° bTDC.
The highest BTE in DF mode was found at CR 18 as against that at CR 17.5 in neat diesel

mode. CO and HC emissions got reduced but NOx and CO, emissions increased in dual fuel
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mode [50]. Barik et al. found that the ignition delay in DF mode was longer than diesel for all
loads. About 11 bar higher peak pressure was found in DF mode as compared to diesel mode.
Nitrogen oxide and smoke were reported to be lower in DF operation compared to that of
diesel mode [51]. Yilmaz experimentally investigated the effect of biogas on the thermal
barrier coated (TBC) dual-fuel engine using biogas (60% methane) as main fuel where smoke

emissions got reduced substantially [52].
2.1.7 Compressed Natural Gas (CNG)

Among all alternative fuels, CNG has been considered as one the best solutions for fossil fuel
substitution because of its availability throughout the world, inherent clean burning,
economical as a fuel and its adaptability to the gasoline and diesel engines. CNG is meeting

the maximum needs of countries worldwide to switch over to alternate fuels.

Liu et al. conducted experiment on CNG-diesel DF engine. They reported that NOx emission
of DF mode was reduced by average 30% compared to diesel mode. With increase ofrpm,
NOx emission reduced due to reduced residence time in high temperature [53]. High thermal
efficiency and clean combustion of diesel-natural gas DF engines at light loads can be
achieved with two-stage auto-ignition mode, which can be obtained by optimizing pilot diesel

injection timing [54].
2.2 Acetylene gas as fuel for I.C. engines

Among the new alternative fuels, acetylene gas has also been suggested as a possible
alternative to petroleum-based fossil fuels since it can be produced from non-petroleum

resources (coal, limestone and water) [55].

Wide flammability range of acetylene,and requires minimum ignition energy. since engine
can run in lean mode with a higher specific heat ratio leading toincrease in thermal efficiency.
Having high flame speed and hence has faster energy release. Larger compression ratios are
allowed than diesel engines because of high self-ignition temperature of acetylene. The
physical and combustion properties of the fuels used for this investigation (diesel and

acetylene) and their comparison with hydrogen are given in Table 2.1.
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Table 2.1 Physical and combustion properties of acetylene & other fuels [56].

Properties Acetylene | Diesel Hydrogen
Formula C2H; Cs—Cx | H2
Density kg/m® (At 20 °C & 1 atm) 1.092 840 0.08

Auto ignition temperature (°C) 305 257 572
Stoichiometric air fuel ratio (kg/kg) 13.2 14.5 34.3
Flammability Limits (Vol %) 25-81 0.6-55|4-745
Flammability Limits(Equivalent | 0.3-9.6 | - 0.1-6.9
ratio)

LCV (kJ/kg) 48,225 42,500 | 1,20,000
LCV (kI/m®) 50,636 - 9600

2.2.1 Production of acetylene

Conventional method of acetylene production is by reacting calcium carbide with water that
produces acetylene and lime as given in equation 2.2. This reaction is spontaneous. Lime is
separated as a co-product in the reactor.Acetylene is then dried, purified and compressed into
cylinders. Acetylene is produced in acetylene gas generators as given by the following

reactions [57].
CaCOg3 + C (graphite) —» CaC, (2.1)
CaC, + H,O —> Ca (OH)2 + C,H, (22)

The second method consists of thermal cracking of hydrocarbons or partial combustion of

methane with oxygen.
2.2.2 Application of acetylene gas in I.C. engines

Lakshmanan et al. aspirated acetylene gas at 3 Ipm in the inlet manifold, and used diesel as an
ignition source. In dual fuel mode operated at full load, the BTE was found lower than diesel.
It was suggested that using techniques like TPI, TMI, etc., BTE can be improved along with
reduction in NOy emissions [58]. Lakshmanan et al. used TMI to investigate the performance

of acetylene in dual fuel mode. The BTE in case of DF mode was lower at part load and more
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at higher loads than neat diesel. HC, CO, NOy, and CO; emissions were reduced in DF
operation than diesel while smoke level went higher in dual fuel mode [59]. Lakshamanan et
al. conducted experiments using acetylene in dual fuel mode. Results obtained were lower
thermal efficiency with reduced CO, HC & smoke emissions when compared to baseline
diesel, while NO, emission increased with acetylene introduction, due to the high combustion
rates. Maximum rate of pressure rise and peak pressure were higher in the dual fuel mode of
operation [56]. Lakshmanan et al. used EGR with acetylene-diesel dual fuel mode and used
TMI for inducting acetylene in inlet manifold. NO4 emissions were found to be low in
comparison to diesel operation and slight increase in smoke was observed. The BTE in case
of dual fuel was higher using TMI than diesel operation. With EGR, HC, CO, CO, emissions
were more [60]. Lakshmanan et al.conducted an experiment where acetylene was used as a
secondary fuel with diesel. Reduction in NO,, HC and CO with increased smoke level was

observed as compared to diesel operation. BTE was closer to that in diesel operation [61].

Nathan et al. conducted used acetylene in homogenous charge compression ignition (HCCI)
mode. The thermal efficiencies were comparable to diesel mode and with optimized EGR
operation, slight increase in BTE was observed. Smoke and NOy were reduced by HCCI
mode. HC emissions were more than diesel mode [62]. Another researcher Wulff et al. used
mixture of alcohol and acetylene in Sl engine and CI engine in dual fuel mode. Higher
efficiency than conventional engine was observed, with cleaner burning as compare to
diesel.[63].Wulff et al. observed reduction in NOy, HC and CO emissions while using
acetylene in dual fuel mode[64].Reversing the cooling water direction in acetylene operated
Cl engine in HCCI mode resulted in 5-10% improvement in BTE with higher NOy and CO
emissions [65]. Sharma et al. used acetylene gas with alcohol in Sl engine. The results came
with lower CO,, NOy, SO [66]. Mahla et al. inducted acetylene and diethyl ether (DEE) with
diesel in DF mode with different blend ratios. An increment in BP and BTE was observed for
all loads with 20% DEE 20% addition [67].

Srivastava et al. used acetylene in DF mode in CI engine. BTE in case of dual fuel mode
followed the same trend as of diesel during low load conditions. The BSEC increased with
the induction of acetylene. The EGT, CO, CO, and HC emissions in case of dual fuel mode
was higher as compared to that for neat diesel [68]. Brusca et al. carried out theoretical and
experimental analysis of an IC engine running on acetylene and alcohol using two standard
commercial injectors for acetylene and alcohol. An optimization technique based on genetic
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algorithms and neural networks to optimize the engine performance was used. A reduction in
CO, HC and NOy emissions was observed while using acetylene alcohol combination
compared to the baseline gasoline case [69]. Acetylene when used in DF mode with diesel
and Used Transformer Oil (UTO) gave lower Exhaust gas temperature (EGT) and smoke
emission while NOy level was higher compared to neat diesel or neat UTO operation [70].
Sudheesh et al. carried out experimental analysis using acetylene in HCCI mode and DEE.
BTE was comparable to that of diesel operation. High CO, HC and lower NO, smoke
emissions were observed in case of acetylene-DEE mode [71].

Dual-fuel operation can be one of the prominent methods for conserving fossil fuels like
diesel and petrol [72]. In DF engine the gaseous fuel is mixed homogeneously with air in
cylinder, while diesel is used as a pilot fuel for ignition of the charge. DF engines can be
modified to operate on natural gas. Diesel can be used as pilot fuel, or it can be operated on
100% diesel fuel [73]. NOy and soot emissions are controlled by the help of dual fuel
concept. In gas diesel operations, HC, CO and BSFC were higher at part load condition in ClI
Engine, but with the help of increasing in engine speed and amount of pilot fuel and
advancement in IT, the thermal efficiency could be improved in dual fuel engine [74]. Longer
ignition delays and short combustion durations were characterized for DF operations. NO
emission for DF operation was found to be lower than diesel case. Lower PM emission but

increased UHC emissions were measured for biogas—diesel DF operations [75].
2.4 Effect of operation parameters

It has been observed that operation parameters like compression ratio, injection pressure,
injection timing, etc. have considerable effects on the performance and emissions of diesel

engines.
2.4.1 Effect of Compression Ratio (CR)

Muralidharan et al. conducted experiments using methyl esters of waste cooking oil with
diesel on VCR engine varying CR from 18 to 22, and found maximum BTE at CR 21 [76].
Sivaramakrishnan conducted experiment using 20%, 25% and 30% of Karanja oil blended
with diesel in a multi-fuel VCR engine at CRs of 15 to 18. The best results were obtained
with 25% biodiesel-diesel blend with CR 18 [77]. Hariram et al. observed reduction in BTE
and increase in EGT when CR was reduced from 18 to 16 [78]. Nagaraja et al. used pre

heated palm oil and their blends with diesel on CI Engine at different CR. Experiments were
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conducted at CR 16 to 20. EGT was low for all the blends compared to diesel. CO and HC
reduced with an increase in blending ratio and CR at maximum load. The engine performance
was found to be optimum when using 020 blend at CR 20 at full load condition [79]. De et
al. evaluated the effects of Jatropha oil combustion on performance and emissions in VCR
diesel engine at three CRs of 16, 17 and 18 and different Jatropha oil blending rates (10%,
30%, 50%, 80% and 100%). They concluded that the thermal efficiency, EGT and emission
such as NOx and CO at CR of 18 for up to 30% Jatropha oil blend was close to that of diesel.
[80]. Senthil et al. studied the effects of CR and IT on the performance with Annona methyl
ester (A20). It was found that CR 19.5 and IT 30° bTDC, A20 gave better performance and
lower emission which was very close to diesel and also concluded that the improvement in
BTE and SFC was observed, when CR and IT increased [81]. Lal et al. studied the
performance and emission using downdraft gasifier with DI VCR diesel engine. It was
observed that increasing the CR from 12 to 18 maximum diesel saving attained was 8.7% to
64.3% respectively along with reduction of 63.62% in HC emission was achieved [82]. Selim
investigated the effect of CRs using HCNG. Highest brake torque, lowest BSFC was
observed at high CR 12.5 for all blends[83]. Hirkude et al. concluded that higher CR
improves the engine efficiency and also results in reduced CO and PM but with an increase in
NOyx emission [84]. EL_Kassaby et al. observed the outcome of blending ratio and
compression ratio on a Cl Engine varying the CR from 14 to 16 to 18. On increasing the CR
from 14 to 18, engine torque increased and BSFC decreased. CO, emission was increased by
14.28%. HC and CO emission were reduced by 52%, 37.5% respectively [85].

2.4.2 Effect of Injection Pressure (IP)

Fuel injection pressure affects the performance and emissions in diesel engine and is one of
the most important operating parameters [86]. Higher fuel injection pressure improves the
performance and reduces emissions [87]. Aalam et al. used mahua methyl ester blend at
varying injection pressure from 22 MPa to 88 MPa where higher BTE and better combustion
characteristics were observed at highest injection pressure of 88 Mpa compared to other
injection pressures. There was a gradual fall in HC, CO and smoke emissions with increase in
injection pressure. It was due to better mixture formation because of the well-atomized spray
at higher injection pressure [88]. Quadri et al. conducted experiment using hydrogen in dual
fuel mode with diesel on three different injection operating pressures (IOP) i.e. 200, 220 and
240 bar at full load condition. It was observed that on using 20% hydrogen with diesel,
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highest BTE and NOy emission along with lowest unburnt hydrocarbon (UHC) and CO
emissions were obtained at 220 bar [89]. Liu et al. observed the result of IP on the
performance and emissions characteristics with common-rail fuel system in diesel-methanol
dual fuel (DMDF) combustion mode. With the increase of IP, BSFC, CO, HC and smoke
emissions decreased while NOy emission, maximum cylinder pressure and HRR increased in
DMDF mode [90]. Gumus et al. studied the effects of IP using biodiesel-diesel blends at IPs
of 18, 20, 22 and 24 MPa. Increase in IP resulted in reduction in BSFC at different biodiesel
diesel blends (Blend of 20%, 50% and 100%).There was decrease in CO, smoke opacity, and
UHC and increased the value of NOy, CO,, and O,emissions with increase in IP [91]. Ryu et
al. studied effects of pilot IP using biodiesel-CNG dual fuel combustion (DFC) system.
There was increase in combustion stability of DFC mode with increase of IP. Smoke
decreased and NOy emissions increased as the pilot IP increased in biodiesel-CNG DFC
system [92]. Nathagopal et al. studied the effect of IP using calophylluminophyllum biodiesel
in DI diesel engine fuelled with 100% biodiesel. Tests were conducted at different IPs of 200,
220 and 240 bar. The experimental results revealed that at higher IP there was a reduction in
BSEC of calophylluminophyllum methyl ester. There was significant reduction in emissions
of UHC, CO and smoke at 220 bar IP of biodiesel compared to other IPs. However, NOy
increased with increase in IP of calophylluminophyllum methyl ester and was always higher
than that of neat diesel [93]. Shehata et al. conducted test on DI diesel engine at different IPs
of 180, 190 and 200 bar. Increased IP gave better performance in comparison to the original
IP for all tested fuels, and hence, it was concluded that the best results were obtained at high
injection pressure of 200 bar [94]. Sayin et al. studied the effect of IP with methanol blended
diesel fuel. Different IPs of 180, 200 and 220 bar were used. The best results in terms of
BSFC were obtained at 200 bar IP for all engine loads. BSFC, NO4 and CO, increased while
smoke, CO and UHC decreased on increasing methanol % in fuel. It was thus suggested to
use high IP for decreasing smoke, CO and UHC emissions and low IP for decreasing NOy
and CO, emissions [95]. The effect of injection pressure on DI diesel engine using orange
skin powder diesel solution (OSPDS) at different IPs of 215, 235 and 255 bar was studied. It
was found that at 235 bar the combustion, performance and emission characteristics of
OSPDS were better than those at other injection pressures [96]. Behera et al. carried
experimental investigation using UTO at different injection pressures (200, 210, 220, 230,
240 and 250bar). Better performance with less emissions were observed at 230 bar injection
pressure as compared to 200 bar [97].Channapattana et al. investigated the effect of Honne
biodiesel and diesel blends at different IPs (180, 210 and 240 bar). At 240 bar higher BTE
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and lower BSFC were obtained compared to that at other IP for all blends. CO, HC and
smoke emissions at 240 bar were lower compared to those at other IPs while NOy emission
increased with increase in IP [98]. Sastry et al. used isobutanol and ethanol as additives to the
diesel-biodiesel blends at different IPs of 200, 225, 250 and 275 bar. It was found that on
increasing nozzle opening IP up to 250 bar, the BTE and fuel economy of the engine were
improved and CO and smoke emissions were reduced significantly. However, NOy emission
decreased marginally in some blends [87]. Syed et al. studied the influence of 10OP for 20%
blend (B20) of mahua oil methyl ester (MOME) and 22.5 liters per minute of hydrogen in
dual fuel mode at four different IOPs of 200, 225, 250 and 275 bar. At IOP of 250 bar
maximum BTE, minimum BSFC, and lowest HC, CO and smoke emissions with increased
concentration of NOy were obtained for B20-hydrogen dual fuel mode [99]. Anbarasu et al.
investigated the effect of IP on canola biodiesel emulsion at 200, 220 and 240 bar. Results
showed an improvement in BTE of 28.8% at 240 bar accompanied by the drastic reduction in
NOy at 200 bar using emulsified fuel [100]. Balusamy et al. observed the result of IT and IP
on CI engine using thevetia peruviana seed oil methyl ester. Increasing the injector opening
pressure and advancing the IT from the base diesel value increased BTE while CO, HC and
smoke emissions reduced significantly [101]. Belaguret al. conducted experiment to study the
effect of honne oil-diesel blend (H50) at different IP (200, 220, 240 and 260 bar). It was
observed that with H50, increasing the IP increased the BTE. CO, HC and smoke emissions
got reduced while NOx increased. Optimum IP was observed at 240 bar for H50 based on
BTE and emissions [102]. Sayin et al. conducted experiment using canola oil methyl esters
(COME) blends with diesel fuel at different IPs (18, 20, 22 and 24 MPa). The results showed
that the increased IP gave better results for BSFC, BSEC and BTE compared to the original
and decreased IP. Increased IP boosted maximum cylinder gas pressure due to increase in

premixed combustible mixture [103].
2.4.3 Effect of Injection Timing (IT)

Injection timing is an important parameter that affects the performance, emission and
combustion characteristics of diesel engine. Advanced IT seems to be a good choice for
improving performance and combustion of dual-fuel engine at low loads in terms of cost and
benefit [104]. Mani et al. performed tests at four 1Ts (23°, 20°, 17° and 14° bTDC) and found
that NOy, CO and UHC emissions decreased while BTE, CO, and smoke emissions increased

at retarded 1T of 14°hTDC [105]. Kannan et al. performed experiment using waste cooking
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oil at different IP and IT and found that BTE, cylinder gas pressure and HRR improved while
there was reduction in NOy and smoke emissions for advanced IT of 25.5° bTDC at 280 bar
IP [106]. Liu et al. conducted experiment on diesel engine using diesel-methanol compound
combustion (DMCC) mode and found that PCP, maximum HRR and NOy increased while
BSEC, EGT and smoke decreased for DMCC with advanced IT [107]. Suresh et al. varied IT
from 19° to 27° bTDC and IP from 210 to 240 bar and concluded that increased BTE and
reduced HC, CO and smoke emissions were obtained for retarded injection timing of 19°
bTDC and increased 10P of 230 bar [108]. Saravanan studied the effect of EGR at advanced
ITin diesel engine. Long delay period, high peak pressure, high maximum HRR were
observed at advanced IT when compared to those at standard IT. Using EGR at advanced IT
delay period, peak pressure, MHRR and combustion duration were higher than those without
EGR [109]. Aljamali et al. investigated the effect of various ITs of (EOI 120, EOI 180, EOI
300, EOI 360) bTDC on the performance and emissions of stratified combustion CNGDI
engine. High power, torque, brake mean effective pressure (BMEP) and CO,were observed at
120 bTDC (at high engine speed) while BSFC, NO, HC and CO emissions were found to be
reduced [110]. Ayetor et al. experimented the effect of IP and ITin diesel engine fuelled with
biodiesel. It was found that IT had profound effect on BSEC and engine emissions. Low HC
and CO while high NO, emission was obtained at advanced IT [111]. Bora et al. reported
improved efficiency and reduction in emissions at 29° bTDC IT on using biogas DF engine at
different ITs of 23°,26°, 29° and 32° bTDC [112].Sayin et al. conducted tests for different ITs
(21°, 24°, 27°, 30° and 33° CA bTDC) with ethanol in DF diesel engine. CO and UHC
decreased while NOy and CO, increased with advanced IT [113, 114]. Sayin et al. observed
the effect of IT in Cl engine using diesel-methanol blends for different ITs (15°, 20° and 25°
CA bTDC) and found that smoke, HC and CO decreased while CO, and NOy increased with
advanced IT (25° CA bTDC) [115]. Datta et al. numerically founded the outcome of IT on
diesel engine fuelled with diesel and methyl soyate. Simulations were carried out for three
different 1Ts of 17°, 20° and 23° bTDC. Decrease in BTE and an increase in BSFC were
predicted with the advancement in IT for both the fuels. EGT, NOy and CO, increased while
particulate matter and smoke emission decreased with advanced IT. NOy and CO, emissions
and EGT were more, while PM and smoke emissions were less for methyl soyate compared
to those in diesel [116]. Barik et al. investigated the effect of IT in biodiesel dual fuel mode
(BDFM) at give different ITs from 21.5° CA bTDC to 27.5° CA bTDC. Biodiesel dual fuel

mode at 24.5° CA (BDFM24.5) gave better performance, combustion and emissions than
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those at other ITs [117]. Balusamy et al. studied the effect of IT and IP in CI engine fuelled
with methyl ester of thevetiaperuviana seed oil. On advancing the IT from 23° to 27° bTDC
and increasing IP from 210 bar to 225 bar, BTE increased and CO, HC and smoke emissions
reduced significantly. The optimum IT and IP were found to be 27° bTDC and 225 bar
respectively [118]. Sakthivel studied the consequence of IT in DI Cl engine fuelled with ethyl
ester of fish oil (EEFO) at different ITs (21°, 24° and 27° bTDC). Retarding the IT increased
BTE and decreased NOx, HC and CO emissions [119]. Ryu investigated the effect of IT in
Cl engine using biodiesel and CNG DF mode and found that at low loads, BSEC of DF mode
improved with advanced IT while at high loads, BSEC improved with delayed IT. Smoke
emission decreased while NOy increased with advanced IT while CO emission decreased
with delayed IT for biodiesel-CNG DFC [120]. Yadav et al. used TWTO (trans-esterified
waste transformer oil) as a fuel in CI engine. Experiments were conducted at four ITs (23°,
22°,21° and 20° bTDC). NOy, CO and UHC decreased with retarded IT of 20° bTDC while
BTE and smoke increased under all the load conditions when compared to that of standard 1T
[121]. Ganapathy et al. studied the influence of Jatropha biodiesel blend in CI engine at
different ITs. On advancing the IT, BSFC, CO, HC and smoke reduced. BTE, Pmax
(maximum cylinder pressure), HRRyax and NO increased on advancing the IT [122]. Hwang
et al. conducted experiment at different IPs and ITs using waste cooking oil biodiesel and
found that PCP, HRR and NOy emission increased with advanced IT.CO emissions decreased
with higher IP and retarded IT. Smoke emission decreased with advanced IT [123]. Park et al.
used ethanol blends for different loads and ITs in four cylinder diesel engine and reported
that advanced IT caused active combustion process. NOy emissions increased while CO and

HC decreased with increase in load and advanced IT [124].
2.5 Research gaps

A remarkable development has taken place in the field of alternate fuels in IC engines all
over the world, especially during the last 2 decades. However, following research gaps were
observed from the detailed literature review:
» Acetylene gas has not been explored much as an alternative fuel in IC engines. Thus
exhaustive study is required to study it as a suitable alternate fuel for IC engines.
* Not much research has been carried out using acetylene in multi cylinder engines.
* No research work has been found using acetylene in medium and large capacity

engines.
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Performance variation using acetylene with change of compression ratio has not been
reported.

Majority of research has been done using acetylene stored at high pressure in
cylinders. Very little study has been done using onboard generation of acetylene.

No study has been found on constant delivery onboard acetylene generator.

Modeling and simulation work has not been carried out using acetylene as a fuel.

2.6 Objectives

After going through the observed research gaps, the present work proposed to use acetylene

gas as an alternative fuel for a Cl engine and to test its feasibility with the following

objectives:

To develop a fuelling system for stationary CI engine operated on Acetylene and
Diesel in dual fuel mode.

To optimize the engine operating parameters and study the performance parameters,
combustion characteristics and exhaust emissions using acetylene as alternate fuel.
Modeling and simulation of the performance of stationary Cl engine operated on

Acetylene and Diesel in dual fuel mode.

2.7 Research methodology

The following methodology / research plan was proposed to carry out the current research:

1.

o o~ w

Detailed literature review regarding the use of alternate fuels in CI engine, including
acetylene gas around the world in the past few years.

Selection of appropriate stationary CI engine for testing of acetylene in dual fuel
mode.

Selection of optimum acetylene generator and other components for CI engine.
Procurement of the selected acetylene gas generator and other components.
Verification of the optimum operating conditions of the selected engine.

Development of experimental set up for evaluation of engine performance parameters,
exhaust emissions and combustion characteristics.

Development of the acetylene fuelled CI engine operated end-utility system.
Calibration of 5 gas analyser, smoke meter, dynamometer, etc.
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10.

11.

12.
13.
14.
15.
16.
17.
18.
19.

20.
21.

22.
23.
24,
25.

Engine test runs to be carried out with the developed / modified system for its
accuracy, reliability, and durability. Further improvement/modification to be carried
out if required in the developed system.

Development / calibration of engine instrumentation for acetylene gas fuelling, and
long-term operation over a wide range of operating parameters such as load, injection
pressure, injection timing and compression ratios, etc., if required.

Experimental evaluation of engine performance, emissions and combustion
characteristics with Acetylene-Diesel (dual fuel mode) fuelling, including
determination and comparison of various parameters.

Determination of optimum compression ratio for neat diesel operation.

Determination of optimum injection pressure for neat diesel operation.

Determination of optimum injection timing for neat diesel operation.

Determination of optimum flow rate of acetylene for dual fuel mode.

Determination of optimum compression ratio for dual fuel mode.

Determination of optimum injection pressure for dual fuel mode.

Determination of optimum injection timing for dual fuel mode.

Calculation and comparison of performance parameters (BTE, BSEC and EGT) of
acetylene-diesel operated (dual fuel mode) engine with that of neat diesel operation at
varying (i) loads, (ii) compression ratios, (iii) injection pressures and (iv) injection
timings.

Study the combustion phenomenon using p-6 plots obtained from the system.
Comparison of engine exhaust emissions (CO, HC, smoke and NOy) of acetylene-
diesel operated (dual fuel mode) engine with that of neat diesel operation at varying
(i) loads, (ii) compression ratios, (iii) injection pressures and (iv) injection timings.
Selection of software application for modelling and simulation.

Building of a model for the acetylene-diesel fuelled VCR engine.

Simulation of the model and its validation from experimental results obtained.

Documentation of the research work and final report writing.
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CHAPTER 3

EXPERIMENTAL SETUP, PLAN AND PROCEDURE
3.1 Experimental set-up

The purpose of the current research was to test the feasibility of acetylene as a fuel in a
stationary, single cylinder CI engine in dual fuel mode along with diesel. Hence, in the
present research work, the experimental investigation of the performance, emission and
combustion characteristics for a diesel-acetylene fuelled, stationary, water-cooled, constant
speed, single cylinder, 4-stroke, compression ignition engine was carried out at varying (i)
flow rates of acetylene, (ii) compression ratio (CR), (iii) injection pressure (IP) and (iv)
injection timing (IT). Load was determined with the help of an eddy current dynamometer
coupled with the engine. For this research, acetylene gas was required to be supplied at
constant pressure and constant flow for accurate estimation of the mass of acetylene
consumed in each set. For the same, an acetylene generator was used, specifications of which

are mentioned later in this section. For safety, flame traps and non-return valves were used.

The performance parameters viz., brake thermal efficiency, brake specific energy
consumption and exhaust gas temperature were determined whereas exhaust emission
parameters like NOy, HC, CO and smoke opacity were recorded. The various indicators of
combustion behavior of diesel-acetylene fuelled CI engine included in-cylinder pressure

histories, heat release rate and rate of pressure rise.

Flow meter was used for the measurement of flow rate of acetylene. Air box arrangement was
used to determine the air flow rate. Fuel supply system consisted of a burette method to
measure the volumetric fuel consumption. AVL Ditest-444 5-gas analyzer was used to
measure CO, CO,, HC, NOy and O, in exhaust gas. Smoke percentage in the exhaust gas was

measured using AVL 480 BT smoke meter.

The detailed description of the instruments used is discussed in this section.
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3.2 Diesel engine and dynamometer

The study was carried-out on a computerised experimental engine test rig, comprising of a
single cylinder, water-cooled, four-stroke, stationary, constant speed, variable compression
ratio (VCR) diesel engine coupled to an eddy current dynamometer. The photograph of the
engine along with the dynamometer is shown in Fig. 3.1. The detailed technical specifications
of the engine are shown in Table 3.1. The data acquisition device of the VCR engine
consisted of an interface unit and suitable analogue-digital-converter, which were connected
to the computer. The interface-unit gets the pressure signals from the output of charge

amplifier which after getting processed were stored in the internal memory and are digitally

displayed on computer, after completion of 10 combustion cycles.

Fig. 3.1 Pictorial view of engine coupled with eddy current dynamometer and computer

interface
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Table 3.1 Specifications of the diesel engine [125]

Particular

Description

Type of engine

Research engine test setup - single cylinder, 4 stroke, multi-fuel,
VCR, computerized

Make and model

Apex Innovation 240PE (with modified Kirloskar TV1 engine)

Bore 87.5 mm
Stroke 110 mm
Cubic capacity 661 cc

Connecting rod length 234 mm

Engine speed

1500 rpm (constant speed)

Maximum power

3.5kwW @ 1500 rpm

Type of cooling

Water cooled

Compression ratio

18:1t0 22:1

Injection variation

0-25°bTDC

Combustion chamber

Hemispherical bowl in piston type

Rotameters Engine cooling 40-400 LPH; Calorimeter 25-250 LPH
Fuel tank 15 litres, dual compartment, glass fuel metering pipe
Air box MS fabricated with orifice meter and manometer (water filled)

Orifice diameter

0.020 m (20 mm)

Engine
analysis software

performance

‘Enginesoft’ supplied by Apex Innovation, India

SAJ make eddy current dynamometer was used to measure brake power. The dynamometer

was bidirectional. The shaft mounted finger type rotor ran in a dry gap. A closed circuit type

cooling system permitted for a sump. Dynamometer load measurement was obtained from a

strain gauge load cell and speed measurement was done from a shaft mounted 360 PPR

(pulses per revolution) rotary encoder.Specifications of the dynamometer are given in Table

3.2.
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Table 3.2 Specifications of dynamometer [125]

Particular Description

Manufacturer Saj Test Plant Pvt. Ltd

Model AG10

Type Eddy current

Cooling Water cooled

End flanges both side Cardan shaft model 1260 type A
Water inlet pressure 1.6 bar

Maximum Torque 50 Nm

Continuous current 5.0 amps

Cold resistance 9.8 ohms

Maximum speed 10000 rpm

Weight 130 kg

Load cell Apex AX-155, constant speed, 230V AC
Dynamometer arm length 0.185m

3.3 Air flow measurement

Flow of air to the engine was measured with the help of an Air box. As the air flow is
pulsating, for measurement of air consumption, an air box of suitable volume was fitted with
orifice of diameter 20 mm having Cyq = 0.6. The air box was used for damping out the
pulsations. The differential pressure across the orifice was measured by manometer. The
outlet was connected to the air filter mounted on the engine. The amount of air inducted was

obtained with the help of the following relation:

Air Flow (kg / hr) = ¢, x%xDZ X /2g X h,, x’;—: X pg X 3600 (3.1)

Where,
C4 = Coefficient of discharge of orifice = 0.6

D = Orifice diameter in m = 0.02 m (= 20 mm)
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g = Acceleration due to gravity (m/s?) = 9.81 m/s
h = Differential head across orifice (m of water)
p,, = Water density (kg/m®) = 1000 kg/m®
pa = Air density (kg/m®) = 1.15 kg/m®

3.4 Fuel flow measurement

3.4.1 Diesel flow measurement

Flow rate of diesel was measured on volumetric basis, using 100 ml glass burette and a
stop-watch. The glass burette mounted on the dashboard panel of the engine had graduated
scale for measurement of diesel flow rate as shown in Fig. 3.2 (a). Time elapsed for a fixed
quantity of fuel (20 ml) before feeding to engine was measured by a stop watch to calculate
the volumetric flow rate of fuel. The mass flow rate of diesel was calculated using fuel
density and volumetric flow rate. Speed governor adjusted the quantity of diesel injected to

keep the engine speed almost constant at different load conditions.

esel Measurigg
Burette

(@ (b)

Fig. 3.2(a) Glass burette for measuring diesel flow rate (b) Calibrated gas flow meter
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3.4.2 Acetylene gas flow rate

The flow rate of acetylene gas was measured with the help of calibrated gas flow meter as
shown in Fig. 3.2 (b). The outlet of constant pressure acetylene gas generator was connected
to the gas flow meter and the quantity of the gas was regulated with the help of the valve

attached to the outlet of generator.
3.5 Water flow measurement

Globe valves were used to control the flow of cooling water to the engine and calorimeter.
Two rotameters were provided for cooling water and calorimeter water flow measurement.
Rotameters used in the experiment shown in Fig. 3.3. Technical specifications of rotameters

are given in Table 3.3.

ROTAMETER (ENGINE) ROTAMETER (CALORIMETER.

L i

Fig. 3.3 Rotameters for water flow measurement in engine and calorimeter
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Table 3.3 Specifications of Rotameter [125]

Particular Description

Make Eureka

Model PG-5 and PG-6

Flow rate 25-250 LPH and 40-400 LPH

Packing/Gaskets

Neoprene

Measuring tube

Borosilicate glass

Float 316SS

Cover Glass

Accuracy +/- 2% full flow

Range ability 10:1

Scale length 175-200 mm

Max. Temp. 2000°C

Connection Flanged and threaded, vertical

3.6 Temperature measurement

RTD 100 type temperature sensor with output 4-20mA, supply 24VDC and range: 0-100° C
and thermocouples (type K), output 4-20 mA, supply 24 VDC, range: 0-1200° C were used to

measure the temperature of water and exhaust gas in the experimental setup.
3.7 In cylinder pressure measurement

In-cylinder pressure is one of the important quantity recorded, the analysis of which and the
derived parameters, thereof, furnished information about the complex process of combustion.
Piezo-electric pressure transducers are most commonly used form of pressure transducers for
the purpose of acquiring in-cylinder pressure histories. For combustion pressure and fuel line
pressure measurement, two piezo-type sensors were mounted on the cylinder head and fuel
injector respectively. Pressure pick-up assembly consisting of piezoelectric transducer was
mounted to the cylinder head and crank angle encoder, which was connected to NI USB-
6210, 16 bit, 250 kS/s card, with digital input. Specifications of pressure sensors are given in

Table 3.4. The measured cylinder pressure was displayed on the computer by data acquisition
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system. The shaft encoder was used for delivering signals for TDC and crank angle with a

precision of 1 crank angle degree.

Table 3.4 Specifications of pressure sensors [125]

Particular Description

Sensor name Dynamic pressure transducer with built in amplifier
Make PCB Piezotronics, Inc.
Model M111A22

Range, FS (5V output) 5000 psi

Useful range (10V output) 10000 psi

Maximum pressure 15000 psi

Resolution 0.1 psi

Sensitivity 1 mV/psi

Resonant frequency 400 kHz

Rise time 2 Us

Discharge time constant 500 s

Low frequency response (-5%) | 0.001 Hz

Linearity (Best straight line) 2%

Acceleration sensitivity 0.002 psi/g
Temperature coefficient 0.03 % / °F
Temperature range -100 to +275 °F
Flash temperature 3000 °F

Vibration / Shock 2000 / 20000 g peak
Ground isolation No (2)

Excitation (Constant current) 21020 mA

Voltage to current regulator +18 t0 28 VDC
Sensing geometry Compression
Sensing element Quartz

Housing material 17-4 SS

Diaphragm Invar

Sealing Welded hermetically
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3.8 Crank angle measurement

A rotary encoder is fitted on the engine shaft for crank angle signal detecting each degree (1°)
rotation of the crank for each cycle. Hence, for a particular cycle, a total of 720 data for both
cylinder pressure and volume are recorded at each load. Signals are scanned by an engine
indicator (electronic unit) and communicated to computer. The software in the computer
draws pressure crank-angle and pressure volume plots. Specifications of crank angle sensor

are given in Table 3.5.

Table 3.5 Specifications of crank angle sensor [125]

Particular Description

Make Kubler, Germany

Model 8.3700.1321.0360
Resolution 1°

Supply voltage | 5-30V DC

Output Push Pull (AA, BB, O0)
PPR 360

Speed 5500 rpm with TDC pulse
Diameter 37 mm

Shaft size Dia. 6 mm x length 12 mm
Weight 120 gm

3.9 Acetylene generator

An acetylene generator is a device which delivers and keeps up a regular supply of acetylene
gas, which can be utilized in welding, repair, construction. Installation, use, and maintenance
of an acetylene generator are liable to strict safety measures since acetylene is extremely

hazardous gas which can easily explode at a wide range of gas to air concentrations.

Acetylene generators are of two types. In the first type calcium carbide is fed in granular or
powdered form into the tank containing water while in the second type, water is fed over
calcium carbide. Both the types of generators work on the principle of reaction of calcium
carbide with water which produces acetylene gas. Both types of generators ought to be

outfitted with pressure safety valves to safeguard against spikes in the internal pressure of the
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gas generated and the generator should be sealed well. In the current research water on

carbide type generator was used.

A constant pressure acetylene gas generator was used for production of acetylene gas as
shown in Fig. 3.4. It consisted of a carbide chamber where calcium carbide was fed and a
tank where water was filled. The reaction of calcium carbide and water produced acetylene
gas which was collected in the floating drum type arrangement. The specifications of the

acetylene gas generator are given in Table 3.6.

\ ™ .

Fig. 3.4 Acetylene gas generator
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Table 3.6 Specifications of acetylene gas generator [126]

Particular Description

Make International Industrial Gases Limited, India
Model B-0

Carbide charge in each chamber 3.2kg

Maximum output per hour 608 litres

Total output per hour 851 litres

Number of carbide chambers 1

Gas holding capacity 71 litres

Gas output Line 15 mm

Weight (empty) 90 kg

Tank dimensions Diameter: 432 mm, height: 940 mm
Overall assembled height 1600 mm

3.10 Development of acetylene fueling system

Acetylene is highly explosive gas. It can form a flammable mixture with air over a wide
range of concentrations (2.5% to 81%), the widest among commonly used gas, and very low
energy is required to ignite acetylene-air mixtures. The minimum ignition energy of acetylene
is 0.017 mJ. This means that acetylene can ignite easily and form a flammable mixture with
oxygen or air. Therefore acetylene must be stored and handled with great care. The
experimental area was well ventilated for this purpose. Two flame traps were provided: one
attached to the gas generator and the other before the engine so as to prevent flash black. Non
return valves were also used for safety purpose. Acetylene gas is reactive in nature with
copper alloys and therefore the materials other than copper alloys were used in experimental

set up.

Acetylene was first passed through a flame trap coupled with the acetylene gas generator to
prevent explosions inside the acetylene-containing system, followed by a flow control valve
to adjust the flow rate. Then acetylene was then passed through a non-return valve (NRV)

preventing reverse flow of acetylene into the system. Then it was passed through another
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flame trap connected before the engine. 2 NRVs were attached to the flame trap and one on
the intake manifold as shown in Fig. 3.5 (a) and (b) respectively. The flame trap was made of
cast iron (5 mm thick sheet) that contained a sleeve to suppress the flame and water to put off
the flame. There were two pipe lines, one (inlet) was dipped in the water just above the
bottom of the trap and the second (outlet) was above the water level in the trap. One pressure

gauge was also mounted on the trap to measure the pressure level.

(@) (b)

Fig. 3.5 Non return valves attached to (a) flame trap (b) intake manifold

3.10.1 Flame trap

A flame trap is a safety feature which prevents fire from reaching a fuel supply line as shown
in Fig 3.6. Flame Trap reduces the risk of explosion or fire, making the system safer to
operate. The flame trap extinguishes the fire, ensuring that it does not comes into contact with
the fuel supply. Flame traps are widely used in internal combustion engines, fuel gas lines
and other types of equipment which rely on combustion for heat or energy.

Over time, a flame trap can become blocked with particulates and other material. By products
of combustion can build up inside the trap, slowly blocking it. The flame trap may still be
able to extinguish flame, but the flow through the system will be obstructed. It can create a

fire hazard, if it is clogged enough, as the particulates may catch fire. Therefore, regular
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maintenance of flame traps is required so as to ensure people that they are in good working

condition.

Fig. 3.6 Flame trap

3.11 Engine optimization for alternate fuel used

The optimum combination of compression ratio (CR), injection pressure (IP) and injection
timing (IT) was desired while working with acetylene as an alternate fuel in diesel engine, so

as to obtain maximum BTE and minimum BSEC.
3.11.1 Compression ratio adjustment

Compression ratio (CR) was varied without stopping the engine and without altering the
combustion chamber geometry by specially designed tilting cylinder block arrangement
provided on the engine. CR was adjusted by loosening the 6 Allen bolts provided on the
cylinder block. Then the lock nut provided on the adjuster was loosened. The adjuster was
rotated as desired to set the given CR based on the markings on the CR indicator. Adjuster
was locked by tightening the lock nut. Finally the 6 Allen bolts were tightened. The

compression ratio adjustment mechanism is shown in Fig. 3.7.
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/ CRindicator

Adjuster

Fig. 3.7 CR adjustment mechanism

3.11.2 Injection pressure adjustment

The injection pressure (IP) is the opening pressure of fuel nozzle. Optimum IP is that value in
which maximum BTE and minimum BSEC is obtained. IP was changed by testing the
injector

assembly in a nozzle tester, as shown in Fig. 3.8. To obtain the different fuel injection
pressure values, spring tension of the injector needle with setting screw was varied. In order

to identify the trend, one lower and one higher injection pressure was selected.

Fig. 3.8 Fuel injection pressure tester
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3.11.3 Injection timing adjustment

Injection timing was varied with the help of injection point nut provided on the engine. The
injection point nut was turned in one direction @ ¥4 turn. The readings were then observed on
the monitor. Injection point adjustment nut was gradually turned and its effect on diesel
injection plot was noted. The diesel injection plot shifted horizontally to retard / advance
the injection point, depending upon the direction of rotation. The nut was adjusted till
the desired injection point was obtained. The injection timing adjustment mechanism is

shown in Fig. 3.9.

Fig. 3.9 Injection timing (IT) adjustment mechanism

3.12 Exhaust emissions’ measurement

The major pollutants in the diesel engine exhaust are smoke and oxides of nitrogen. The
exhaust gases were sampled from the exhaust line using the probe of the gas analyzer, and the
gas-composition was digitally displayed on its screen. Prior calibrated five gas analyzer
(AVL DIGAS 444) was used to measure CO, HC and NOy in the exhaust gas.

In this gas analyzer, measurement of CO,, CO, and HC emissions was based on the principle
of non-diffractive infrared radiation (NDIR) and that of O, and NOy on electrochemical

method. CO, CO, and O, are measured in percentage by volume, while NOy and HC are
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measured as n-hexane equivalent ppm. The five gas analyzer is shown in Fig. 3.10 while its

specifications are given in Table 3.7.

Fig. 3.10 AVL DIGAS 444 5 Gas Analyser

Table 3.7 Specifications AVL DIGAS 444 5 Gas Analyser [127]

Measured quality | Measuring range | Resolution Accuracy

CoO 0... 10 % vol 0.01 % vol < 0.6 % vol: + 0.03 % vol
> 0.6 % vol: + 5 % of ind.
val.

CO, 0... 20 % vol 0.1 % vol < 10 % vol: + 0.5 % vol
>10% vol: £5% v. M.

HC 0...20000 ppmvol | < 2000: 1 ppm | < 200 ppm vol: + 10 ppm vol
vol, > 200 ppm vol: + 5 % of ind.
> 2000: 10 ppm | val.
vol

O, 0... 22 % vol 0.01 % vol < 2 % vol: + 0.1 % vol
>2%vol:+5%v. M.

NO 0... 5000 ppm vol | 1 ppm vol < 500 ppm vol: + 50 ppm vol
> 500 ppm vol: + 10 % of
ind. val.

Engine speed 400... 6000 min™ | 1 min™ + 1 % of ind. val.

Oil temperature -30...125°C 1°C +4°C

Lambda 0...9.999 0.001 Calculation of CO, CO,, HC,

0,
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Prior calibrated smoke meter (AVL DISMOKE 480 BT), as shown in Fig. 3.11 was used
tomeasure the smoke level of the exhaust gas as percent opacity. It is a filter-type smoke
meterfor measuring the soot content in the exhaust of diesel engines. This smoke meter is
basedon light extinction principle. Light is passed in a standard tube containing the sample
fromthe engine exhaust. Then, intensity of transmitted light is measured by a photovoltaic

deviceat the other end. Specifications of smoke meter are given in Table 3.8.

Fig. 3.11 AVL DISMOKE 480 BT Smoke meter
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Table 3.8 Specifications of AVL DISMOKE 480 BT smoke meter [128]

Measuring principle

Extinction measurement

Operating temperature

+5 ... +45°C : Adhering to measurement accuracy
+1 ... +50°C : Ready for measurement

Air humidity Max. 90%, non-condensing
Measurement chamber heating | 100 °C
Effective length 0.215m +0.002 m
Maximum exhaust temperature | 200 °C

Measuring range Resolution
Turbidity 0-100% 0.1%
Absorption (k value) 0-99.99 1/m 0.01 1/m

3.13 The complete experimental set-up

After integration and adjustment of all the equipments as explained above in this chapter, the

experimental set-up was ready for start of experimentation. The pictorial view of the

complete experimental set-up is shown in Fig. 3.12 and schematic layout of the same is

shown in Fig. 3.13.
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Fig. 3.12 Pictorial view of experimental setup
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Fig 3.13 Schematic diagram of experimental setup

3.14 Experimental plan and procedure for engine performance, emission analysis

The engine load was changed by varying the current to the eddy current dynamometer and
hence, the load of the dynamometer. At each load, after the engine reached the stabilized
condition, the performance and emission parameters were recorded. Different physical
quantities viz., temperature at various points of the test rig (viz. inlet and outlet of the cooling
water, exhaust gas and intake air), consumption rates of diesel, pressure head at manometer,
flow rate of cooling water and engine speed were recorded to calculate various performance
indicators.

Experiments were carried out at five compression ratios (18, 19, 20, 21 and 22), different
injection pressures (180 to 220 bar at the intervals of 10 bar), at four injection timings (18°,
20°, 23° and 25° CA bTDC). For each step of observations for engine performance, exhaust
emissions and combustion characteristics readings were taken at 0%, 20%, 40%, 60%, 80%
and 100% (3.5 kW) load with the rated engine speed of 1500 rpm for each load.

Phase |

* In the first step, tests were carried out for each set of load as mentioned above for

diesel at different compression ratios (18, 19, 20, 21 and 22) at fixed injection
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pressure of 210 bar and injection timing of 23° bTDC CA and optimum CR

(corresponding to maximum BTE) was found.

In the second step, tests were carried out at different injection pressures (190, 200,
210 and 220 bar) keeping the compression ratio (optimum CR as found in the
previous step) constant and injection timing (23° bTDC) constant so as to find out the

optimum injection pressure at these conditions.

In the third step, tests were carried out at different injection timings (18°, 20°, 23° and
25° bTDC) keeping the compression ratio (optimum CR as found in the 1st step)
constant and injection pressure (optimum IP as found in the 2™ step) constant so as to

find out the optimum injection timing.

In this way optimum compression ratio, optimum injection pressure and optimum

injection timing was obtained for neat diesel which was taken as baseline.

Phase 11

After obtaining the baseline conditions, engine was tested for dual fuel mode (i.e.
diesel + acetylene). To find the optimum flow rate of acetylene, acetylene gas was
injected at different flow rates (60, 120, 180 and 240 LPH) at optimized conditions of
baseline diesel (as obtained at the end of Phase I) and thus, optimum flow rate of

acetylene was obtained.

Then, similar steps as mentioned for the diesel case in Phase | above were followed at
different compression ratios (18, 19, 20, 21 and 22), injection pressures (180, 190,
200 and 210 bar) and injection timings (18°, 20°, 23° and 25° bTDC) to find out the
optimum compression ratio, optimum injection pressure and optimum injection timing

for dual fuel mode at the optimum flow rate of acetylene.

After all the readings were taken, different graphs were plotted under various conditions

for performance, emissions and combustion characteristics for neat diesel mode and dual

fuel mode. Readings of dual fuel mode were then compared with those of baseline. Then

the results were analyzed and conclusions were drawn.
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3.15 Calculation of performance parameters
3.15.1 Brake power
Brake power (BP) is given by:

BP = (2% x N x W x R) /(60 x 1000) (3.2)
Where, N is engine speed in rpm, W is load in N and R is dynamometer arm length in m.
3.15.2 Brake Thermal Efficiency

Brake Thermal efficiency (BTE) (n"™) is defined as the ratio of useful power (i.e., brake
power) to the chemical energy input in the form of fuel(s). BTE is expressed by the following

equation:
For diesel mode,
BTE = BP x 3600 x 100 / (mgx CVy) (3.3)

Where, BP is brake power in kW, my is mass flow rate of diesel in kg/h, CVg is calorific
value of diesel in kJ/kg.

For dual fuel mode,
BTE = BP x 3600 x 100 / (mgx CVg+ myx CVy) (3.4)

Where, BP is brake power in kW, my and m, are mass flow rates of diesel and acetylene
respectively in kg/h, CV4 and CV, are calorific value of diesel and acetylene respectively in
kJ/kg.

3.15.3 Brake Specific Energy Consumption (BSEC)
BSEC, for diesel mode, is given by:

BSEC =mgyx CV4/ BP (3.5)
BSEC, for dual fuel mode, is given by:

BSEC = (mg x CVy+ mfy;x CV,) / BP (3.6)
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3.15.4 Temperature measurement

RTD 100 type temperature sensor with output 4-20mA, supply 24VDC and range: 0-100° C
and thermocouples (type K), output 4-20 mA, supply 24 VDC, range: 0-1200° C were used to

measure the temperature of water and exhaust gas in the experimental setup.

3.15.5 Calculation of Net Heat Release rate (NHRR)

The calculation of net heat release rate for both diesel and dual fuel run engines needs the
instantaneous P-V data recorded during experiments. The crank angle encoder connected to
the engine shaft detects each degree (1°) rotation of the crank for each cycle. Hence, for a
particular cycle, a total of 720 data for both cylinder pressure and volume was recorded at
each load. Each heat release calculation at a particular load was made by considering 10
cycles. The equation used for the net heat release rate (NHRR) is obtained from the first law
analysis [129, 130] by implementing the rate of pressure rise and rate of volume change,

which is given by:

dQn av dpP
Loy xPx D)1y -D+(VxT) Iy -1) (3.7)
Where, %, y , P and V are net heat release rate (J/°CA), ratio of specific heats,

instantaneous cylinder pressure (N/m?) and cylinder volume (m?) respectively. The value of y

is considered as 1.35 as taken by some researchers [129, 130] in their respective works.

3.15.6 Calculation of rate of pressure rise (RPR)

The data acquisition device (DAD) can record cylinder pressure variation with each degree of
crank angle change. The values of change of pressure per unit change of crank angle Z—Z were

evaluated by using the first order finite differential equation with fourth order accuracy [131]

as given by:
Z_I;: {(Pr-2) = 8(Pp-1) + 8(Pnt1) — (Pn42)}{12(A6)} (3.8)
3.16 Assumptions and limitations

In the current research, the following assumptions were made / limitations handled /

challenges encountered:

(a) Steady-state conditions are assumed for all observations.
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(b)
(©)
(d)
(€)
(f)

Heat transfers and pressure drops in pipings are ignored.

Ideal gas principles have been applied to air and exhaust gas treatment.

Lower heating value (LHV) of the fuel is used for calculations.

Emission reduction techniques like EGR were kept out of scope of this research.

Due to set-up limitations, actual in-cylinder temperatures could not be verified against

those obtained from simulations.

3.17 Challenges faced during research work

(@)

(b)

(©)

(d)

(€)

()

Due to excessive vibrations, Allen bolts (used for change of CR by tilting the cylinder
block) of VCR engine sheared thrice. Whenever this happened, the entire engine was to
be dismantled and repaired as the broken bold used to get stuck in the groove of the
tilting mechanism. Also, many readings had to be taken again whenever this happened.
Oil started coming out from the cylinder block due to damaged gasket. Cylinder block
was opened, gasket was replaced and hence, the problem got fixed.

When the flow rate of acetylene was increased beyond 240 LPH, the rpm of the constant
speed engine rated at 1500 rpm started rising and went upto around 1600 rpm and engine
stopped suddenly. Due to this it was decided not to go beyond the flow rate of 240 LPH
of acetylene.

The fuel pump broke down once while changing the injection timing and the same was
fixed.

Procurement of acetylene generator took more than a year due to quite strict regulations
for manufacturing / production of acetylene generators in India. Further, since the
identified manufacturer did not usually make the desired type of acetylene generator
(small capacity, constant pressure, constant flow type), it was needed to have extended
sittings with the supplier to design the desired generator. Also, before selling the
generator, the supplier was required to get certain inspections done by Government of
India officials (Factory Inspector, Fire and Safety officials, Explosives Controller, etc.).
Hence, procurement of acetylene generator was quite a challenge.

The electronic system of the 5 gas analyzer went bad mid-way the experimentation and
the same needed to be repaired. Due to this, many sets of experimental readings with

doubt were repeated.
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CHAPTER 4

RESULTS AND DISCUSSIONS
41 Introduction

Before carrying out detailed experimentation on acetylene, verification of engine parameters
was done for neat diesel operation to find optimum compression ratio, injection pressure and
injection timing for proper comparison as explained in Chapter 3. Acetylene flow rate was
optimized for the best performance of the engine at the optimized CR, IP and IT for neat
diesel. It was found that acetylene substitution at 120 LPH was optimum because at lower
than 120 LPH flow rate of acetylene substitution was not giving significant improvement in
performance and above 120 LPH flow rate, engine started knocking and it was difficult to run
the engine at higher loads with acetylene above 120 LPH flow rate. Once it was decided that
120 LPH is the optimum flow rate of acetylene, optimum CR, IP and IT were determined for
dual fuel mode using the procedure mentioned in Chapter 3. It was found that the optimized
flow rate of acetylene, compression ratio, injection pressure and injection timing of the
acetylene operated (dual fuel mode) CI engine were 120 LPH, 21, 200 bar and 23° bTDC

respectively.
4.2  Optimization of engine parameters for neat diesel

The performance parameters were taken for different compression ratios, injection pressures
and injection timings. Experimental data show that the modified Kirloskar TV1 VCR engine,
which was used for this research, had 20:1, 210 bar and 23° bTDC as optimum CR, optimum
IP and optimum IT respectively for neat diesel. At these conditions, engine had maximum

brake thermal efficiency and lowest brake specific energy consumption.
4.2.1 Effect of compression ratio on engine performance for neat diesel

4.2.1.1 Brake Thermal Efficiency (BTE)

Fig. 4.1 shows the variation of brake thermal efficiency with load at different compression
ratios for neat diesel. As the CR was increased, the BTE improved till a certain CR (20) and

beyond that it decreased.
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Fig. 4.1 Variation of BTE with load at different compression ratios for neat diesel

Hence, the highest brake thermal efficiency was obtained at CR of 20 in diesel mode. The in-
cylinder pressure and temperature increased with increase in CR, and resulted in increase in
the burning rate and thus, thermal efficiency. While on further increasing CR, thermal
efficiency decreased due to increase in surface to volume ratio of the combustion chamber at
TDC which increased the heat transfer rate and heat loss. At 80% load (where the BTE was
highest for all CRs), the BTE in diesel mode was found to be 19.88%, 20.74%, 23.34%,
21.61% and 20.74% for CR 18, 19, 20, 21 and 22 respectively.

4.2.1.2 Brake Specific Energy Consumption (BSEC)

BSFC cannot be considered a reliable parameter if the calorific value and densities of various
test fuels vary considerably. Hence, brake specific energy consumption proves to be a more
reliable assessment method in the case of dual fuel mode. Brake specific energy
consumption is the product of BSFC and calorific value of the fuel. It means how efficiently
energy is obtained from the given fuel. BSEC decreases with the increase in brake power.
This trend was maintained at all compression ratios for neat diesel operation. The BSECs
obtained at 80% load were 17965.68, 17217.11, 15304.1, 16528.43 and 17217.11kJ/kKWh for
CR 18, 19, 20, 21 and 22 respectively. As seen from Fig. 4.2 BSEC decreased with increase
in CR up to 20, beyond which it increased with increase in CR. The lowest BSEC was

obtained at CR 20 in case of neat diesel operation.
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Fig. 4.2 Variation of BSEC with load at different compression ratios for neat diesel

4.2.1.3 Exhaust Gas Temperature (EGT)
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Fig. 4.3 Variation of EGT with load at different compression ratios for neat diesel

As can be seen in Fig. 4.3, EGT increased with increase in load for all compression ratios.
EGT decreased on increasing CR from 18 to 22. Decrease in EGT on increasing CR could be
due to increase in increased flame propagation speed and also because of the fact that the
time interval for complete combustion got reduced, at increased CR, which reduced EGT.
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4.2.2 Effect of injection pressure on engine performance for neat diesel

4.2.2.1 Brake Thermal Efficiency (BTE)
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Fig. 4.4 Variation of BTE with load at different injection pressures for neat diesel

Fig. 4.4 shows the variation of BTE with load at different injection pressures for neat diesel.
BTE increased with increase in injection pressure from 190 to 210 bar beyond which it
decreased. The increase in BTE might be due to fine spray, better atomization of diesel and
better combustion at higher IP [33]. The highest BTE of 23.34% was obtained at IP of 210
bar in comparison to 19.88%, 22.47% and 21.61% at 190, 200 and 220 bar respectively.
When the IP was too high (220 bar), ignition delay period became shorter which might have
resulted in decrease in homogeneous mixing of air and fuel and hence, combustion efficiency
decreased. Also, when the IP was too high, the fuel droplets became extremely fine which
reduced the depth of penetration of fuel particles. This resulted in poor combustion leading to
lesser BTE.

4.2.2.2 Brake Specific Energy Consumption (BSEC)

Fig. 4.5 shows the variation of BSEC with load at different injection pressures for neat diesel.
BSEC decreased with increase in injection pressure from 190 to 210 bar beyond which it
increased. The lowest BSEC of 15304.1 kJ/kWh was obtained at IP of 210 bar in comparison
to 17965.68, 15892.72 and 16528.43 kJ/kWh at 190, 200 and 220 bar respectively. Increase
in BSEC at 220 bar was due to poor combustion as when the IP was too high (220 bar),

ignition delay period became shorter which resulted in decrease in homogeneous mixing of
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air and fuel and hence, combustion efficiency decreased. Also, when the IP was too high, the
fuel droplets became extremely fine which reduced the depth of penetration of fuel particles

leading to incomplete combustion.
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Fig. 4.5 Variation of BSEC with load at different injection pressures for neat diesel

4.2.2.3 Exhaust Gas Temperature (EGT)

The EGT increased with increase in load for all IPs as shown in Fig. 4.6.EGT decreased with
increase in injection pressure from 190 to 210 bar. As the IP increased the droplet size
became finer resulting in better fuel air mixing and smooth and faster combustion resulting in
lower EGT. The lowest EGT was obtained at 210 bar in comparison to other injection

pressures.
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Fig. 4.6 Variation of EGT with load at different injection pressures for neat diesel
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4.2.3 Effect of injection timing on engine performance for neat diesel

4.2.3.1 Brake Thermal Efficiency (BTE)

Fig. 4.7 shows the variation of BTE with load at different ITs for neat diesel. BTE increased
when the IT was advanced from 18° to 23° bTDC. The highest BTE of 23.34% was obtained
at IT of 23° bTDC in comparison to 19.94%, 21.6% and 21.98% at IT of 18°, 20° and 25°
bTDC respectively. The advancement of IT from 18° to 23° bTDC resulted in injection of
diesel earlier into the combustion chamber, therefore giving sufficient time for the diesel to
form a homogeneous mixture with air resulting in proper combustion and higher BTE.

Hence, it was found that IT of 23° bTDC was the optimum giving maximum BTE.
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Fig. 4.7 Variation of BTE with load at different injection timings for neat diesel

4.2.3.2 Brake Specific Energy Consumption (BSEC)

Fig. 4.8 shows the variation of BSEC with load at different injection timings for neat diesel.
The lowest BSEC of 15304.1 kJ/kWh was obtained at IT of 23° bTDC in comparison to
BSEC of 17910.09, 16876.82 and 16251.75 kJ/kWh at IT of 18°, 20° and 25° bTDC. BSEC
decreased with advancing IT from 18° to 23° bTDC because it resulted in injection of diesel
earlier into the combustion chamber, therefore giving sufficient time for the diesel to form a
homogeneous mixture with air resulting in proper combustion and higher BTE. Hence, it was
found that 23° bTDC was the optimum IT giving minimum BSEC. Further advancing of IT
laid down to reduction in BTE, probably due to achieving of peak pressure before the piston
reaches the TDC.
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Fig. 4.8 Variation of BSEC with load at different injection timings for neat diesel

4.2.3.3 Exhaust Gas Temperature (EGT)

Variation of EGT with load at different IT is depicted in Fig. 4.9. EGT increased with
increase in load at all ITs. It was found that the variation in EGT was not significant with
change in the injection timing at low load conditions while at higher load the lowest EGT was
obtained at 23° bTDC IT as compared to those at IT of 18°, 20° and 25° bTDC though the

difference was found to be negligible.
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Fig. 4.9 Variation of EGT with load at different injection timings for neat diesel
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4.3 Optimization of flow rate of acetylene

The optimized compression ratio (CR), injection pressure (IP) and injection timing (IT) for
neat diesel was found to be 20, 210 bar and 23° bTDC respectively. After the optimization of
compression ratio, injection pressure and injection timing for neat diesel, the flow rate of
acetylene (in dual fuel mode) was optimized at the above conditions (as baseline) and the

following results were obtained.
4.3.1 Effect of flow rate of acetylene on engine performance

4.3.1.1 Brake Thermal Efficiency (BTE)
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Fig. 4.10 Variation of BTE with load in dual fuel mode at different flow rates of acetylene

The variation of brake thermal efficiency against load for diesel-acetylene dual fuel mode
with different flow rates is shown in Fig. 4.10. It was observed that as flow rate of acetylene
increased from 60 LPH to 120 LPH, there was an increase in BTE at all loads. However, on
further increase in flow rate of acetylene to 180 and 240 LPH, BTE decreased due to reduced
availability of oxygen, However at 240 LPH flow rate of acetylene, the rpm of engine
suddenly increased due to excessive amount of acetylene the governor could not control the
speed by decreasing the quantity of diesel hence the engine had to be shut down. Hence,
highest BTE was achieved at 120 LPH flow rate of acetylene which was therefore considered

as the optimum flow rate of acetylene.

It was observed that 120 LPH flow rate of acetylene gave maximum thermal efficiency at
around 80% load. The highest BTE of 25.09% was obtained at the flow rate of 120 LPH at
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80% load compared to those of 23.17%, 24.46% and 23.20% at the flow rates of 60, 180 and
240 LPH respectively at 80% load.

4.3.1.2 Brake Specific Energy Consumption (BSEC)

Variation of BSEC with load in dual fuel mode at different flow rates of acetylene is shown
in Fig. 4.11. While using acetylene at different flow rates of 60, 120, 180 and 240 LPH,
BSEC was found to be 15412.70, 14233.99, 14599.18 and 14756.62 kJ/kWh respectively at
80% load in each case. The lowest BSEC was obtained at the flow rate of 120 LPH in
comparison to those at other flow rates.
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Fig. 4.11 Variation of BSEC with load in dual fuel mode at different flow rates of acetylene.

4.3.1.3 Exhaust Gas Temperature (EGT)

EGT increased with increase in load in all cases as shown in Fig. 4.12. EGT reduced when
the flow rate of acetylene was increased from 60 LPH to 120 LPH beyond which EGT
increased as the flow rate was increased. The highest EGT was found at the flow rate of 60
LPH followed by 180 LPH while the lowest EGT was obtained at 120 LPH as depicted in
Fig. 4.23. However, the difference in EGT was considered insignificant as the variation was

less 20 °C in most cases.
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Fig. 4.12 Variation of EGT with load in dual fuel mode at different flow rates of acetylene
4.3.2 Effect of flow rate of acetylene on exhaust emissions

4.3.2.1 Carbon monoxide (CO)

As can be seen in Fig. 4.13, lowest CO emission at 80% load and full load was obtained at
the acetylene flow rate of 120 LPH in comparison to other flow rates. Since, the engines are
usually run at 80% load most of the times, 120 LPH was considered to be the best flow rate

of acetylene from CO emission point of view also.
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Fig. 4.13 Variation of CO with load in dual fuel mode at different flow rates of acetylene
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4.3.2.2 Hydrocarbon (HC)
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Fig. 4.14 Variation of HC with load in dual fuel mode at different flow rates of acetylene

From Fig. 4.14, it is seen that HC emission was unpredictable with change in flow rate of
acetylene. However, HC emission reduced with increase in load for all cases.

4.3.2.3 Oxides of Nitrogen (NOy)

From Fig. 4.15, it is evident that NOy emission increased with increase in flow rate of
acetylene. Maximum NOx emission was observed at 40% load for all flow rates of acetylene.
The increase in NOx emission with increase in flow rate of acetylene was might be due to the
fact that, with increase in acetylene flow rate, the amount of fuel (diesel + acetylene) in the
cylinder increased substantially resulting in release of much higher amount of heat and thus,

increasing in-cylinder temperature substantially, which is the main cause of NO, formation.
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Fig. 4.15 Variation of NOy with load in dual fuel mode at different flow rates of acetylene

4.3.2.4 Smoke
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Fig. 4.16 Variation of smoke density (opacity) with load in dual fuel mode at different flow

rates of acetylene.

Smoke formation is much higher for diesel fuel burning as compared to acetylene burning
since it contains much lesser carbon. The inducted acetylene forms a homogeneous mixture
that burns more rapidly and the overall mixture contains less carbon from which smoke can
be formed. Hence, as the flow rate of acetylene was increased, the smoke density percentage

got reduced as shown in Fig. 4.16. Smoke density increased with increase of load for all cases
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since with increased load, more diesel was burnt while flow rate of acetylene was kept

constant.

Based on the engine performance with different flow rates of acetylene, it was observed that
120 LPH was the optimum flow rate of acetylene in dual fuel mode.

4.4 Optimization of engine performance parameters for diesel-acetylene dual fuel mode

and their comparison with neat diesel (baseline)
4.4.1 Effect of compression ratio on engine performance for dual fuel mode

4.4.1.1 Brake Thermal Efficiency (BTE)

Variation of BTE in the dual mode at different compression ratios is shown in Fig. 4.17. The
BTE at 80% load was 21.8%, 22.53%, 25.09%, 25.72% and 24.46% for CRs of 18, 19, 20, 21
and 22 respectively. Hence, the highest BTE of 25.72% was obtained in dual fuel mode at CR
of 21 which was 10.2% higher than the BTE of baseline diesel. The BTE of the engine run on
dual fuel mode was more than diesel mode because of the high flame speed of acetylene
leading to higher combustion rate. As the CR is increased, the BTE improves and further it

tends to decrease.
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Fig. 4.17 Variation of BTE with load in dual fuel mode at different compression ratios
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4.4.1.2 Brake Specific Energy Consumption (BSEC)
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Fig. 4.18 Variation of BSEC with load in dual fuel mode at different compression ratios

Fig. 4.18 shows the variation of BSEC with load for different compression ratios. BSEC at
80% load in dual fuel mode was 16329.38, 15410.12, 14233.99, 13886.76 and 14602.27
kJ/kWh for CR 18, 19, 20, 21 and 22 respectively. Lowest BSEC was obtained at CR 21 in
dual fuel mode. BSEC in case of baseline diesel was 15304.09 kJ/kWh which was 9.3%
higher than BSEC in dual fuel mode at CR of 21. BSEC in case of dual fuel mode was lower
than that in diesel mode due to higher conversion of acetylene gas into work.

4.4.1.3 Exhaust Gas Temperature (EGT)

As seen from Fig. 4.19, EGT increased with increase in load. Maximum EGT in dual fuel
mode was 433.3° C, 424.3° C, 410.2° C, 402.6° C and 382.5° C at CRs of 18, 19, 20, 21 and
22 respectively while in case of baseline diesel it was 419.7. EGT decreased on increasing
CR in dual fuel mode since the burning velocity increased on increasing CR and the duration
for combustion got reduced which resulted in reduced EGT. The EGT in case of dual fuel
mode was lower than diesel mode because of the higher flame speed of acetylene and
advancement in the heat release rate in case of dual fuel mode. Reduction in EGT in dual fuel
mode could also be due to higher thermal conductivity of gases due to which heat loss from

the gas to the wall increased, leading to higher losses and lower EGT [132].
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Fig. 4.19 Variation of EGT with load in dual fuel mode at different compression ratios
4.4.2 Effect of compression ratio on exhaust emission for dual fuel mode

4.4.2.1 Carbon monoxide (CO)
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Fig. 4.20 Variation of CO with load in dual fuel mode at different compression ratios

Variation of CO emission in dual fuel mode at different CRs is shown in Fig. 4.20. CO
emission decreased with increase in CR in case of dual fuel mode due to better combustion
and higher temperature at higher CR. CO emission above 60% load was lower at CR 20, 21
and 22 in case of dual fuel mode as compared to the baseline diesel mode. At higher loads
due to high temperature and pressure complete burning of fuel took place which led to lower

CO emission in comparison to emission at low loads in dual fuel mode. CO emission in dual
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fuel mode at full load for CR 18 was 28.5% higher than baseline diesel while for CR 19, 20,
21 and 22 it was 7.1%, 21.4%, 35.7% and 42.8% lower than baseline diesel respectively.

4.4.2.2 Hydrocarbon (HC)
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Fig. 4.21 Variation of HC with load in dual fuel mode at different compression ratios

Variation of HC emission in dual fuel mode at different CR is shown in Fig. 4.21. In case of
dual fuel mode, HC emission decreased with load at all CRs. HC decreased with increase in
CR up to CR 20 after which it increased as the CR increased. The minimum HC emission in
case of dual fuel mode was obtained at CR 20 which was 10.5%, 37.5%, 38.1%, 31.6%,
16.7% and 10% lower than baseline diesel for 0%, 20%, 40%, 60%, 80% and 100% load
respectively. This was due to the complete combustion in case of dual fuel mode due to wide
ignition limit, higher flame velocity of acetylene and higher energy content which resulted in

lower HC emission.

4.4.2.3 Oxides of Nitrogen (NOy)

Fig. 4.22 shows the variation of NOyemission with load at different CRs for dual fuel mode.
NOy emission increased with increase in CR in dual fuel mode due to high in-cylinder
temperature at higher CR which increased NOy emission. NOx emission was higher in dual
fuel mode compared to diesel mode may be because in dual fuel mode the combustion
chamber temperature was higher than diesel due to higher calorific value of acetylene gas
compared to that of diesel. Also, induction of acetylene facilitated quicker formation of more

homogeneous air-fuel mixture in cylinder, resulting in complete combustion, thus raising in-
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cylinder temperature, which is the main cause of NO, formation. Maximum NOy was
obtained at 40% load in dual fuel mode while in case of diesel mode maximum NO, was
obtained at 20% load. The NOy emission in case of baseline diesel was lower compared to the
dual fuel mode for all CRs. NOy emission at full load in case of dual fuel mode was 60, 75,

95, 131 and 250 ppm which was much higher than that of 46 ppm in baseline diesel.

700 -~

—o—(D+A) CR 18
—@— (D+A) CR 19
—#— (D+A) CR 20
—>4=(D+A) CR 21
= (D+A) CR 22

NOx (ppm)

=@=Baseline Diesel

0 20 40 60 80 100
Load (%)

Fig. 4.22 Variation of NO, with load in dual fuel mode at different compression ratios

4.4.2.4 Smoke

Fig. 4.23 shows the variation of smoke density with load at different CRs for dual fuel mode.
Smoke density in dual fuel mode was lower as compared to the diesel mode. The addition of
acetylene lessened the amount of injected fuel (diesel) and brought down the smoke level.
Also the inducted acetylene formed a homogeneous mixture that burnt rapidly resulting in
less carbon from which smoke could be formed. Smoke density decreased with increase in
CR. The maximum temperature during combustion increased as CR increased resulting in
complete combustion and this in turn decreased smoke density. Maximum smoke density at

full load was 0.8%, 3%, 9.1%, 11.4% and 26.5% lower than baseline diesel for CRs of 18, 19,
20, 21 and 22 respectively.
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Fig. 4.23 Variation of Smoke density (opacity) with load in dual fuel mode at different

compression ratios
4.4.3 Effect of compression ratio on combustion characteristics for dual fuel mode

4.4.3.1 Pressure-Crank Angle

Fig. 4.24 shows the variation of cylinder pressure with crank angle at full load for different
CRs in dual fuel mode. The maximum cylinder pressure in case of dual fuel operation was
68.74, 73.16, 74.03, 81.41 and 91.53 bar for CRs of 18, 19, 20, 21 and 22 respectively at full
load. Cylinder pressure increased with increase in CR in dual fuel mode. The maximum

cylinder pressure in case of baseline diesel was 71.88 bar.
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Fig. 4.24 Variation of cylinder pressure (p) with respect to crank angle (©) at full load in dual

fuel mode at different compression ratios
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4.4.3.2 Net Heat Release Rate (NHRR)
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Fig. 4.25 Variation of net heat release rate with respect to crank angle at full load in dual fuel

mode at different compression ratios

Fig. 4.25 shows the variation of net heat release rate (NHRR) with respect to crank angle at
full load in dual fuel mode at different CRs. NHRR increased with increase in CR due to
increase in cylinder pressure and combustion temperature. In case of dual fuel mode the
maximum HRR was 40.76 J/° CA, 41.09 J/° CA, 46.053 J/° CA, 54.57 J/° CA and 64.01 J/°
CA at CR 18, CR 19, CR 20, CR 21 and CR 22 respectively. The NHRR in case of baseline
diesel was 40.81 J/° CA. The NHRR in case of dual fuel mode was higher compared to that

in diesel mode because of higher energy density of acetylene diesel air mixture.

4.4.3.3 Rate of Pressure Rise (RPR)

Fig. 4.26 shows the variation of rate of pressure rise (RPR) with respect to crank angle at full
load in dual fuel mode at different CRs. The maximum RPR obtained in dual fuel mode was
5.42, 551, 6.62, 7.30 and 8.51 bar/°CA for CR 18, 19, 20, 21 and 22 respectively. RPR
increased with increase in CR in dual fuel mode. The maximum RPR in case of baseline
diesel was 4.92 bar/°CA which was lower than those in dual fuel mode at different CRs. As
CR was increased complete combustion took place which caused an increase in the rate of

pressure rise.
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Fig. 4.26 Variation of rate of pressure rise with respect to crank angle at full load in dual fuel

mode at different compression ratios

Though best emission results were obtained at CR of 22 in dual fuel mode, however, since
CR of 21 gave best BTE and BSEC results, CR of 21 was considered as optimum CR for dual

fuel mode.
4.4.4 Effect of injection pressure on engine performance for dual fuel mode

After the optimization of compression ratio (CR) in dual fuel mode on the basis of
performance, emission and combustion characteristics, the effect of injection pressure (IP) on
performance, emission and combustion characteristics in dual fuel mode was studied by
varying injection pressure from 180 to 210 bar at the interval of 10 bar. The readings were
taken at optimum flow rate of 120 LPH, compression ratio 21 and standard injection timing
of 23° bTDC for different loads in dual fuel mode and the results were compared with
baseline diesel (CR 20, IP 210 bar and IT 23° bTDC).

4.4.4.1 Brake Thermal Efficiency (BTE)

Fig. 4.27 shows the variation of BTE with load at different injection pressures in dual fuel
mode. The brake thermal efficiency increased with increase in load for all the cases. The BTE
in case of dual fuel operation was higher than that with baseline diesel because of wide
flammability limits, minimum ignition energy and higher flame velocity of acetylene gas.
BTE increased with increase in IP up to 200 bar and then it decreased with increase in IP.
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Fig. 4.27 Variation of BTE with load in dual fuel mode at different injection pressures

The increase in BTE might be due to fine spray, better atomization of diesel and better
combustion at higher IP. While on further increasing IP, BTE reduced which might be due to
reduction in the size of fuel droplets that had lesser momentum which affected the fuel
distribution (penetration) in the air leading to incomplete combustion [99]. At 80% load,
highest BTE of 26.34%, 26.96%, 27.57% and 25.72% was obtained at 180, 190, 200 and 210
bar respectively in dual fuel mode as compared to the BTE of 23.34% for baseline diesel.
BTE in dual fuel mode was 12.9%, 15.5%, 18.1% and 10.2% higher than baseline diesel for
180, 190, 200 and 210 bar IP respectively. Thus, the highest BTE was obtained at 200 bar in

case of dual fuel mode.

4.4.4.2 Brake Specific Energy Consumption (BSEC)

Fig. 4.28 shows the variation of brake specific energy consumption (BSEC) with load in dual
fuel mode at different injection pressures. BSEC in case of dual fuel mode was 13558.8,
13248.6, 12954.7 and 13886.8 kJ/kWh at 180, 190, 200 and 210 bar respectively. BSEC in
dual fuel mode was 11.4%, 13.4%, 15.4% and 9.3% lower than baseline diesel. BSEC in dual
fuel mode decreased with increase in IP up to 200 bar may be because of better atomization,
vaporization of the fuel and improved air-fuel mixing that led to better combustion. BSEC
increased on further increasing IP up to 210 bar due to poor combustion as explained above.
The highest BSEC of 15304.1 kJ/kWh was found in the case of baseline diesel.
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Fig. 4.28 Variation of BSEC with load in dual fuel mode at different injection pressures

4.4.4.3 Exhaust Gas Temperature (EGT)

Fig. 4.29 shows the variation of EGT with load at different injection pressures for dual fuel
mode. EGT increased with increase in load. Maximum EGT in dual fuel mode was 423.9° C,
411.4° C, 391.1° Cand 402.6° C at 180, 190, 200 and 210 bar respectively at full load while
in case of baseline diesel it was 419.7° C. The EGT in case of baseline diesel was higher
compared to that in dual fuel mode at all IPs. The EGT in case of dual fuel mode was lower
than diesel mode because of the higher flame speed of acetylene and advancement in the heat
release rate in case of dual fuel mode. In dual fuel mode the EGT decreased with increase in

IP upto 200 bar, which could be due to the sluggish combustion leading to higher EGT at

lower IP [102].
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Fig. 4.29 Variation of EGT with load in dual fuel mode at different injection pressures
4.4.5 Effect of injection pressure on exhaust emission for dual fuel mode

4.4.5.1 Carbon monoxide (CO)

Fig. 4.30 depicts the variation of CO emission with load at different IPs. At full load CO
emission was 14.3%, 28.6%, 42.9% and 35.7% lower than baseline diesel at 180, 190, 200
and 210 bar respectively in dual fuel mode. The CO emission decreased with increase in IP
up to 200 bar. Increasing the injection pressure caused better fuel air mixing leading to
complete combustion and reduced CO emission. At 210 bar the formation of CO increased,

this might be due to lack of mixing of fuel and air and insufficient time for combustion [89].
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Fig. 4.30 Variation of CO with load in dual fuel mode at different injection pressure.
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4.4.5.2 Hydrocarbon (HC)

Fig. 4.31 shows the variation of HC emission with load for different IPs. HC emission in dual
fuel mode decreased with increase in IP up to 200 bar. The fuel air mixing was more proper
on increasing the injection pressure which caused low HC emissions at high injection
pressure than that at low injection pressures. HC emission increased with further rise in
injection pressure (210 bar). HC emission in case of dual fuel mode at 200 IP, full load was

10% lower than that for baseline diesel.
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Fig. 4.31 Variation of HC with load in dual fuel mode at different injection pressures

4.4.5.3 Oxides of Nitrogen (NOy)
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Fig. 4.32 Variation of NOy with load in dual fuel mode at different injection pressures
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Fig. 4.32 shows the variation of NOy emission with load at different IPs in dual fuel mode.
NOx emission was higher in dual-fuel mode compared to that in diesel mode because in dual-
fuel mode the combustion chamber temperature was higher than diesel due to higher calorific
value of acetylene gas compared to that of diesel. Maximum NOy was obtained at 40% load
in dual fuel mode while in case of diesel mode maximum NOy was obtained at 20% load.
NOx emission increased with increase in injection pressure up to 200 bar. Increase in NOy
emission was due to rapid combustion, high in-cylinder temperature and high peak pressure
attained with higher injection pressure. Further increase of IP to 210 bar lowered the NOy
emissions, which was due to improper combustion resulting in lower in-cylinder temperatures
when compared to IP of 200 bar. NOy emission in case of dual fuel mode at full load and 200

bar IP was 163 ppm which was much higher than 46 ppm in case of baseline diesel.

4.45.4 Smoke
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Fig. 4.33 Variation of smoke density (opacity) with load in dual fuel mode at different

injection pressures

Fig. 4.33 shows the variation of smoke density with load at different injection pressures.
Smoke density (in opacity %) in dual fuel mode at full load was 8.5%, 10.9%, 15.2% and
11.4% lower than baseline diesel. Smoke density in dual fuel mode was found decreasing
with increase in injection pressure upto 200 bar. The higher smoke density at lower injection
pressure was due to the large droplet size leading to poor atomization, while at higher
injection pressure, droplet size reduced resulting in better fuel-air mixing and complete

combustion which led to lower smoke emission. On increasing injection pressure above 200
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bar, smoke density increased, which was due to the fact that too high an injection pressure led
to formation of extremely fine droplets of fuel which lacked depth of penetration resulting in

incomplete combustion.
4.4.6 Effect of injection pressure on combustion characteristics for dual fuel mode

4.4.6.1 Pressure-Crank Angle
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Fig. 4.34 Variation of cylinder pressure (p) with crank angle (©) at full load in dual fuel

mode at different injection pressures

Fig. 4.34 shows the variation of cylinder pressure with crank angle at full load for different
injection pressures. The maximum cylinder pressure at 100% load in case of dual-fuel
operation was found to be 80.44, 82.15, 83.99 and 81.41 bar for IP 180, 190, 200 and 210 bar
respectively as compared to the maximum cylinder pressure of 71.88 bar for baseline diesel.
The maximum cylinder pressure in dual fuel mode increased with increase in IP upto 200 bar.
The highest maximum cylinder pressure of 83.99 bar was obtained at IP 200 bar in case of
dual-fuel mode beyond which it decreased. The increase in maximum cylinder pressure from
180 to 200 bar injection pressure might be due to better atomization, air-fuel mixing and
enhanced combustion. Further increase in injection pressure to 210 bar lowered maximum
cylinder pressure, which could be due to improper mixing of fuel leading to improper
combustion.
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4.4.6.2 Net Heat Release Rate (NHRR)
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Fig. 4.35 Variation of net heat release rate with crank angle at full load in dual fuel mode at

different injection pressures

Fig. 4.35 shows the variation of net heat release rate (NHRR) with crank angle at full load in
dual fuel mode at different injection pressures. The NHRR increased with increase in IP due
to increase in cylinder pressure and combustion temperature. In case of dual-fuel mode at full
load, the maximum NHRR was 62.01, 67.01, 68.45 and 54.57 J/° CA at 180, 190, 200 and
210 bar respectively. NHRR for baseline diesel was 40.81 J/° CA. The NHRR in case of
dual-fuel mode was higher compared to that in diesel mode. Higher energy density of
acetylene diesel air mixture resulted in higher NHRR when compared to baseline diesel
operation. NHRR increased from 180 to 200 bar injection pressure because with the increase
in injection pressure heat release rate increased due to improved premixed combustion phase
which was due to better atomization and improved air fuel mixing. On further increasing IP
to 210 bar, NHRR decreased.

4.4.6.3 Rate of Pressure Rise (RPR)

Fig. 4.36 illustrates the trends for the rate of pressure-rise (RPR) with the crank angle for dual
fuel mode at different IP and also for baseline diesel. At full load, the maximum rate of
pressure rise (bar/° CA) for dual fuel mode was found to be 7.05, 7.60, 7.71 and 7.30 for IPs
of 180, 190, 200 and 210 bar respectively while for baseline diesel the maximum rate of

pressure rise was 4.92 bar/° CA. The maximum rate of pressure rise in case of dual fuel mode
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increased consistently with increase in injection pressure up to 200 bar beyond which it

decreased.
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Fig. 4.36 Variation of rate of pressure rise with crank angle at full load in dual fuel mode at

different injection pressures

Based on the engine performance at different injection pressures, it was found that IP of 200

bar was optimum for dual fuel mode.
4.4.7 Effect of injection timing on engine performance for dual fuel mode

After the optimization of injection pressure (IP) in dual fuel mode on the basis of
performance, emission and combustion characteristics, the effect of injection timing (IT) on
performance, emission and combustion characteristics in dual fuel mode was studied at
different injection timings of 18°, 20°, 23° and 25° bTDC. The readings were taken at
optimum flow rate of 120 LPH, CR 21 and IP of 200 bar for different loads in dual fuel mode
and the results were compared with baseline diesel (CR 20, IP 210 bar and IT 23° bTDC).

4.4.7.1 Brake Thermal Efficiency (BTE)

Fig. 4.37 shows variation of brake thermal efficiency (BTE) with different injection timings
(ITs) of 18°, 20°, 23° and 25° bTDC for dual fuel mode. BTE increased with increase in load
upto 80% for all ITs in dual fuel mode. BTE in dual fuel mode increased with advancing IT
from 18° to 23° after which it decreased. The highest BTE of 27.57% was obtained at 23°
bTDC in comparison to 24.46%, 26.34% and 25.72% at 18°, 20° and 25° bTDC respectively.
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BTE in dual fuel mode was 4.8%, 12.9%, 18.1% and 10.2% higher than baseline diesel for
18°, 20°, 23° and 25° bTDC ITs respectively. The advancement of IT from 18° to 23° bTDC
resulted in injection of diesel earlier into the combustion chamber, therefore giving sufficient
time for the diesel to form a homogeneous mixture with air and acetylene. This resulted in
more efficient burning of acetylene air diesel mixture. When the IT was further advanced to

25° bTDC, the delay period increased which resulted in lower peak pressure and hence BTE

reduced.
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Fig. 4.37 Variation of BTE with load in dual fuel mode at different injection timings

4.4.7.2 Brake Specific Energy Consumption (BSEC)

Fig. 4.38 shows the variation of BSEC with load for all ITs. BSEC in case of dual-fuel mode
was lower than that in diesel mode due to higher conversion of acetylene into work. The
lowest BSEC obtained in dual fuel mode at 80% load was 14602.3, 13558.8, 12954.7 and
13886.8 kJ/kwh for 18°, 20°, 23° and 25° bTDC respectively in comparison to 15304.1
kJ/KWh for baseline diesel. BSEC decreased with advancement of IT from 18° to 23° bTDC
beyond which it increased. Thus, the lowest BSEC was obtained at standard IT of 23° bTDC.

The highest BSEC was found in the case of baseline diesel.
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Fig. 4.38 Variation of BSEC with load in dual fuel mode at different injection timings

4.4.7.3 Exhaust Gas Temperature (EGT)
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Fig. 4.39 Variation of EGT with load in dual fuel mode at different injection timings

Fig. 4.39 shows variation of EGT with load for different ITs. The EGT increased with
increase in load for all the cases. Maximum EGT in dual fuel mode was 403°C, 407.7°C,
411.1°C and 414.4°C at 18°, 20°, 23° and 25° bTDC respectively at full load while in case of
baseline diesel it was 419.7°C. The EGT is found to decrease as the IT was advanced from
18° to 23° bTDC, beyond which EGT increased. Although no significant effect on EGT was

observed with change in IT.
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4.4.8 Effect of injection timing on emission characteristics for dual fuel mode

4.4.8.1 Carbon monoxide (CO)
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Fig. 4.40 Variation of CO with load in dual fuel mode at different injection timings

Fig. 4.40 depicts the variation of CO emission with load at different ITs. CO emissions at full
load in dual fuel mode was 7.1%, 28.6%, 42.9% and 21.4% lower than baseline diesel for
18°, 20°, 23° and 25° bTDC IT respectively. As the IT was advanced from 18° to 23° bTDC
CO emissions reduced due to complete combustion as a result of proper mixing of air-fuel
mixture because of availability of more time for mixing process. On further advancing IT to

25° bTDC, CO emissions increased which might be due to improper combustion.

4.4.8.2 Hydrocarbon (HC)
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Fig. 4.41 Variation of HC with load in dual fuel mode at different injection timings
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Fig. 4.41 shows the variation of HC emission in dual fuel mode with load for all I1Ts. HC
emission decreased as the IT was advanced from 18° to 23° bTDC since combustion started
earlier while advancing the IT which led to complete combustion and lower HC emission.
Minimum HC emission of 9 ppm was obtained at 23° bTDC IT at full load which was 10%
lower than baseline diesel. HC emission further increased on advancing IT to 25° bTDC

which could be due to incomplete combustion.

4.4.8.3 Oxides of Nitrogen (NOy)
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Fig. 4.42 Variation of NO, with load in dual fuel mode at different injection timings

NOy emission was higher in dual fuel mode as compared to the diesel mode, as can be seen in
Fig. 4.42, because in dual-fuel mode the combustion chamber temperature was higher than
diesel due to higher calorific value of acetylene compared to that of diesel. NO, emission
increased as the IT was advanced from 18° to 23° bTDC due to high peak cylinder pressure
resulting in high temperature and increase in NOy. The NOy emission at full load in dual fuel
mode was 122, 154, 163 and 146 ppm which was much higher than 46 ppm in baseline
diesel. The reason for this was that the increased ignition delay during advanced timing had
promoted premixed combustion phase, leading to higher cylinder temperature which
increased the NO, emissions consequently. NOy emission decreased with advancing IT to 25°

bTDC due to decrease in cylinder pressure and temperature.
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4.4.8.4 Smoke

Fig. 4.43 shows the variation of smoke density with load in dual fuel mode for all ITs. Smoke
density at full load in dual fuel mode was 2%, 10.8%, 15.2% and 6.8% lower than baseline
diesel. Smoke density decreased with advanced IT from 18° to 23° bTDC since advancing the
IT led to early injection which caused better combustion as more time was available for
oxidation. On further advancement of IT to 25° bTDC, smoke density increased. The highest

smoke density was observed in the case of baseline diesel.
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Fig. 4.43 Variation of smoke density (opacity) with load in dual fuel mode at different

injection timings
4.4.9 Effect of injection timing on combustion characteristics for dual fuel mode

4.4.9.1 Pressure-Crank Angle

Fig. 4.44 shows the variation of cylinder pressure with respect to crank angle at full load for
different ITs. Maximum cylinder pressure was found to be 77.11, 80.89, 83.99 and 80.48 bar
for 18°, 20°, 23° and 25° bTDC respectively in comparison to 71.88 bar for baseline diesel.
As IT is advanced from 18° to 23° the maximum cylinder pressure increased. This was
because of faster burning rate in the premixed combustion phase with the advancement of IT.
The maximum cylinder pressure was obtained at 23° bTDC for dual fuel mode.
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Fig. 4.44 Variation of cylinder pressure with crank angle at full load in dual fuel mode at

different injection timings

4.4.9.2 Net Heat Release Rate (NHRR)

Fig. 4.45 shows the variation of net heat release rate (NHRR) with respect to crank angle at
full load for dual fuel mode at different ITs. The net heat release rate (NHRR) increased with
increase in IT due to increase in cylinder pressure and combustion temperature. In case of
dual-fuel mode at full load, the maximum NHRR was 60.80, 66.49, 68.45 and 62.97 J/°CA at
18°, 20°, 23° and 25° bTDC IT respectively. Maximum NHRR for baseline diesel was 40.81
JI°CA. Higher energy density of acetylene diesel air mixture resulted in higher NHRR when
compared to baseline diesel operation. NHRR increased from 18° to 23° bTDC IT because of
burning of more fuel air mixture accumulated during long delay period as the IT was
advanced. On further advancement of IT to 25° bTDC NHRR decreased due to decrease

cylinder pressure.
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Fig. 4.45 Variation of net heat release rate with crank angle at full load in dual fuel mode at

different injection timings

4.4.9.3 Rate of Pressure Rise (RPR)

Fig. 4.46 illustrates the trends for the rate of pressure-rise (RPR) with respect to crank angle
for dual fuel mode at full load for different ITs. At full load, the maximum rate of pressure
rise for dual fuel mode was found to be 6.80, 7.51, 7.71 and 7.30 bar /°CA for 18°, 20°, 23°
and 25° bTDC IT respectively while for baseline diesel the maximum rate of pressure rise
was 4.92 bar/°CA. The maximum rate of pressure rise in case of dual fuel mode increased

consistently with increase in injection timing up to 23° bTDC beyond which it decreased.
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Fig. 4.46 Variation of rate of pressure rise with crank angle at full load in dual fuel mode at

different injection timings
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The rate of pressure rise was found to be higher with advanced injection timings because of

faster combustion.

Hence, from the above results, it was found that for dual fuel mode, the optimum condition in
view of engine performance was CR 21, IP 200 bar and IT 23° bTDC with flow rate of 120
LPH of acetylene.

4.5 Mass percentage of acetylene and diesel at the optimized condition

Fig. 4.47 shows the percentage mass fraction of acetylene and diesel in total fuel supplied in
case of optimized condition (CR 21, IP 200 bar and IT 23° bTDC) in dual fuel mode when
the highest BTE of 27.57% was obtained. The percentage mass of acetylene varied from
53.3% at no load to 11.6% at full load on mass basis while the percentage of diesel varied
accordingly to make the total fuel mass to 100% i.e., at no load, when acetylene mass % was
53.3%, diesel mass% was 46.7% and at full load, when acetylene mass % was 11.6%, diesel

mass% was 88.4%.
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Fig. 4.47 Mass % of Acetylene and Diesel for the optimized condition in dual fuel mode
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CHAPTER 5

MODELLING AND SIMULATION
5.1 Computational Fluid Dynamics

Computational Fluid Dynamics (CFD) is a technique used for analysis of heat transfer, fluid
flow and chemical reaction with computer-based simulation. There are different numerical
methods and algorithms used in CFD to solve and analyze problems of fluids and heat
transfer. Computational fluid dynamics involves the creation of large numbers of grids that
hopefully provide a realistic result of real life system. In this, the physical characteristic of
fluid flow and heat transfer can easily be simulated through numerical method techniques.
There is no necessity of physical model to predict or analyze the system properties because
CFD involves the well-developed methodologies within the codes. CFD technique has
become very effective and strong technique for pure or applied research or industrial
applications. To solve any problem, CFD uses the algorithm and numerical methods and

involves fluid flow flowing over a domain for simulation.
Three main processes used in CFD techniques are given as:

1. Pre-processing
2. Solver
3. Post-processing

Pre-processing deals with the geometry creation and import of the desired geometry. In
ANSYS, there is a facility to create geometry in Design Modeller or design may be imported
from other types of 3- d designing software with particular file extension which may allow in
ANSYS. After creating the geometry of given problem, it is discretized into very small
element or discrete cell which is called mesh. Depending on geometry, mesh is either
structured or unstructured. After mesh generation, the name selection with physical
modelling and boundary condition is defined which defines the fluid behaviour within the
domain. The steady-state and transient problem can be studied in the Fluent and the final

solution is generated with the use of different governing equations.
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Solver includes the different numerical technique to solve the problem by an iterative
approach. There are various types of solver assembled in the Fluent like PISO, COUPLE,
SIMPLE and SIMPLEC.

Post process includes the visualization of the results in a different manner like colour contour,
vertex, plane and streamline etc. In post processor results like velocity, temperature and

pressure etc. can easily visible.
5.2 Governing equations

There are mainly three types of governing equations used for fluid dynamics which includes
conservation equations for mass, momentum, and energy. The Governing Equations have
been known for over 155 years. In the middle of the 19th century two scientists, Navier and
Stokes has described the equations for a viscous flow, compressible fluid, which are now
known as the Navier-Stokes Equations. These equations are in the form of differential
equations. The generic form of these relationships follows the advection-diffusion equation

given by equation 17.

F) )
— (0) + div(pV¢ — Tpgradg) = S (5.1)
Transient + advection - diffusion = source

The variable ¢ represents any of the physical quantities such as air velocity, temperature or
species concentration at any point in the 3-D. This equationis derived by considering a small
volume of fluid. The change in time of that quantity within the elemental volume added to
that adverted into it, minus the amount diffused out is equal to the amount either created or
destroyed. Though deceptively simple, only the emergence of ever faster computers over the
past two decades has made it possible to solve the real world problems governed by this

equation.
5.2.1 Governing equation for mass conservation

This equation is originated from the Navier-Stokes equation. Conservation of mass represents
that the time-rate-of-change of the mass of the fluid element is zero as the element moves

along with the flow in equation 18 to 20.
Conservation of mass state that:
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{Net mass flow out of control volume through surface S}

= {time rate of decrease of mass inside control volume}

D(@m)

oy 0 (5.2)
And in Cartesian form
dp | d(pu) | 9(pv) | d(pw) _
at+ Y + 3y + P =0 (5.3)
Or in more compact vector notation
3—’; + div(pu) =0 (5.4)

For an incompressible fluid (i.e. a liquid) the density p is constant and equation 5.5 & 5.6

becomes
div(u) =0 (5.5)
Or in long hand notation

ow) , 0w) , da(w) _
ox t ay t 9z

0 (5.6)

5.2.2 Governing equation for momentum

Governing equation for momentum is based upon the Newton's second law, which states that
the rate of change of momentum of a fluid particle equals the sum of the forces on the particle
and given by equation 5.7 and 5.8.

f=ma (5.7)
The rate of increase of momentum per unit volume of a fluid particle are given by
D D Dw
pD—I;+ pD—: +pD—t=0 (5.8)

In above equation f, stands for force and a, stands for acceleration, Source of force on the

body is of two types, which are mentioned below-
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* Body forces - These forces are directly acting on the volume of the domain like

gravitational force, magnetic and electric force etc.

» Surface forces — These forces act on the surface of the domain. They are just like pressure
distribution along the surface of domain and shear and normal force distribution along the

surface of a domain like viscous forces.

It is common practice to highlight the contributions due to the surface forces as separate

terms in the momentum equation and to include the effects of body forces as source terms.

The x-component of the momentum equation is found by setting the rate of change of x-
momentum of the fluid particle equal to the total force in the x-direction on the element due
to surface stresses plus the rate of increase of x-momentum due to sources is given by

equation 5.9 and for Y and Z component are given by equation 5.10 and 5.11 respectively.

D_u — 0(—P+Txx) + aTyx + 0Tzx

Dt dx ay 0z

+ Sy (5.9

Y and Z component of momentum equations are given by

1z

Dv _ 0ty | 0(-p+1yy) | 07y
bt ax T oy ez TOMy (510
bw _ 0Txz , 0Tyz | 0(—D+Tzz)
Dt ox + ay t 0z +SMZ (.11)

5.2.3 Governing equation for energy

The energy equation is derived from the first law of thermodynamics which states that the
rate of change of energy of a fluid particle is equal to the rate of heat flux addition to the fluid

particle plus the rate of work done on the particle due to surface force.

{Rate of change of energy inside the fluid element}
= {Net flux of heat into the element}

+ {Rate of working done on the element due to body and surface forces}

The energy equations are given by equation no. 28 and 29:
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DE _ _ . d(utyy) | 0(utxy) | 0(utyy) | O(vixy) | 0(vryy) | 0(vizy) | B(WTxy)
Por = div(pu) + [ dx + dy + 9z + dx + dy + 9z + dx +
o(wtyz) | d(wrzy) ,
% +— ] + div(K grad T) + Sg (5.12)

— ! 2 2 2

5.3 Background

Numerous numerical studies including CFD analysis have been done to predict the
combustion and emission parameters in Cl engines. Mattarelli et al. performed combustion
simulations for natural gas-diesel dual fuel mode at full load and different rpms’ (2000, 3000
and 4000 rpm) and found that there was a good agreement of simulated results with the
experimental data [133]. Manimaran et al. performed CFD analysis of combustion and
pollutant formation in a DI diesel engine at varying EGR, the predicted model showed
reduction in flame temperature, NOx while increase in soot with increase in EGR [134].
Hiwase et al. conducted multidimensional modeling with split multiple stage fuel injections
in DI diesel engine. Strong effects on combustion characteristics with controlled pressure and
temperature and reduction in NOy was found using the split multiple stage fuel injection in
comparison to that of the continuous fuel injection [135]. Huang et al. performed CFD
simulations for diesel engine to study the influence of fuel variability on ignition delay. CFD
simulations showed good agreement with experimental result for ignition timing and the
influence of fuel variability on ignition timing [136]. Chintala et al. carried out CFD analysis
in Cl engine for hydrogen-diesel dual-fuel mode to study the effect of localized in-cylinder
temperature on nitric oxide (NO) emission and concluded that the simulation results were
confirming to the experimental results [137]. Soni et al. performed CFD analysis for
methanol powered diesel engine using three different methods (initial swirl ratio, EGR and
water addition). As per the numerical analysis the water addition method was found to be
more efficient than other methods [138]. Lee et al. used CFD simulating diesel spray tip
penetration with multiple injections and CR up to 100:1 using ‘KIVA-3V Standard spray
model” and the NGJBL model. Simulations results were found to be in good agreement with
the experimental one [139]. Stylianidis et al. carried out CFD analysis of combustion of

syngas in supercharged micro-pilot ignited dual-fuel engine. Results predicted for Ignition
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delay time and laminar flame speed using the new mechanism were in agreement with those
obtained by using other validated syngas mechanisms [140]. Neshat et al. performed
simulation based on chemical kinetics mechanism for diesel engine using multi-zone model
and found that the predicted results for the start of the combustion time, in-cylinder pressure,

emissions and combustion duration were in good agreement with experimental data [141].

Numerical modeling of continuous and discrete phase fuel using commercial software Ansys
fluent was carried out for diesel engine. Real time “in cylinder dynamic motion” simulation
methodology was used in this study. All cases are validated with experimental results for
diesel and duel fuel mode. The term duel fuel mode means, primary fuel was diesel and

secondary fuel acetylene, which was mixed with air.
5.4 Diesel engine cylinder modeling
5.4.1 Pre processing

Cylinder geometry was created in Design modeler as per the original dimensions of the
engine. In dynamic motion numerical modeling, different type of meshing is required because
of motion of cell zones. Multi-zone mesh with face element sizing was used and total 2730
mesh elements were generated at TDC position. Discretized domain are present in figure 5.1
(@) and (b) respectively.

Top View
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Bottom View

Front View

Fig. 5.1 (a) Meshed Domain for cylinder at TDC

Fig.5.1 (b) Meshed Domain for cylinder at BDC
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In this study, mechanisms of valves were not included in simulation, only compression and
power stroke were simulated, so no inflow and out flow boundary conditions were

applied.Fig.5.2 shows the boundary named selection for cylinder.

B top

B cvlindersurf

B piston

Fig.5.2 Boundaries named selection of Cylinder

5.4.2 Boundary conditions and solution techniques

Total 11 type of injectors are available in Ansys fluent, but for “in cylinder simulation” cone
type injector was selected having droplet distribution in the form of cone shaped. In present
study injection timing was set to 23" CA bTDC. All required technical specifications of

injector are presented in table 5.1.

Table 5.1.Technical specifications of injector

Fuel Injection Pressure 210 bar
Injector Three hole, centre conical spray
Nozzle Type Pintle
Diameter 0.5 mm
Cone Angle 12
Fuel type Diesel Liquid (Droplet)

Total nine equations are solved for unknown variables by converting them into discritize

algebraic equations by finite volume method.

Energy and viscous models are used for CFD simulation, but for combustion modeling,
species transport model is required to activate chemical modeling. For 1.C engine numerical

modeling, Auto ignition and discrete phase models are mandatory. Discrete phase models are
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required to make injector. The two equation turbulence model k-e (RNG) was used in this
study. The reason behind to use this model was its robustness and having the facility for swirl

dominated flows in I.C engine.

Species transport models were used to simulate combustion in I.C engine. In this case,
volumetric reaction mechanism was used for combustion. Inlet and thermal diffusion options
were activated to improve the volumetric reaction in fuel and air. Coupling among chemistry
during combustion and turbulence was selected for eddy-dissipation interaction mechanism
available in Ansys fluent solver. Total five species participated in chemical mechanism which
are following, diesel (CioH22), oxygen (O,), carbon dioxide (CO,), nitrogen (N,), water
droplet (H,O). Two reactants and two products are simulated in this volumetric mechanism,
with constant mixing rate of chemical reactions. Auto ignition model was also activated for
combustion. In auto ignition model, ignition delay model made by Hardenberg was

activated for fuel species diesel with constant activation energy and cetane number.
5.4.3 Dynamic Meshing

In the present study, transient simulation was performed therefore dynamic meshing was
activated for real time simulation of diesel engine. As flow time increased, mesh
decomposition in positive or reverse direction continuously changed. So, dynamic meshing
with height based layering was used. “In cylinder” method was required to toggle on to
complete body dynamics of engine movement. In “In cylinder” settings, some important data

required to fulfill for dynamics of engine movement is presented in table 5.2.

Table 5.2“In-cylinder” data required for engine dynamics movement

Property Value

Crank shaft speed (RPM) 1500
Starting crank angle (°) 360
Crank Period (°) 720
Crank Angle Step Size (°) 0.2
Crank Radius (mm) 40
Connecting Rod Length 234
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Cylinder top was treated as stationary body (DOF was zero) and cylinder surface and piston
head was assumed to be a rigid body, having movement in normal direction only and

remaining DOF was zero.
5.4.4 Solution techniques

Fluent offers five methods for pressure-velocity coupling: SIMPLE, SIPMLEC, SIMPLER,
PISO and Fractional Step Method (FSM) which make use of the segregated algorithm; while
the Coupled scheme is based on the coupled solver. In the present study PISO algorithm with
Skewness-Neighbour coupling are used to obtain the solution. The main idea of the PISO
algorithm is to move the repeated calculations required by SIMPLE and SIMPLEC inside the
solution stage of the pressure-correction equation. This process (momentum or “neighbor”
correction) allows the corrected velocities to satisfy the continuity and momentum equations
more accurately. While the PISO algorithm takes a little more CPU time per solver iteration,
it dramatically decreases the number of iterations required for convergence, especially for

transient problems.
5.5 Experimental validation of baseline diesel

Experimental validation was conducted for 100% load condition. Validation of p-© diagram
was done for pressure data from 300° CA to 390° CA obtained from experiment. Fig. 5.3

shows the good agreement between experimental and simulation results.

80

=]
=
1

(=)}
=
1

o
=
1

= Experimental

Pressure (bar)
w P
S o

= Simulation

]
=
1

=
o
1

o

300 320 340 360 380 400
Crank Angle (Deg)

Fig. 5.3 Validation of pressure-crank angle diagram for baseline diesel at 100% load
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5.5.1 Variation of temperature at different crank angle
Contours of temperature at different crank angle from 345° to 365° CA are shown in Fig. 5.4

at CA = 345° at CA = 350°
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Fig.5.4 Contours of temperature at different crank angle for baseline diesel
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5.5.2 NOy, mass fraction

Contours of NOy mass fraction at different crank angle from 345° to 365° CA are shown in

Fig. 5.5
at CA = 345° at CA = 350°
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Fig.5.5 Contours for NOy mass fraction at different crank angle for baseline diesel
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5.6 Experimental validation for optimized dual fuel mode at 100% Load

In case of dual fuel mode fixed quantity of acetylene is mixed with air and then supplied into
the combustion chamber. Diesel fuel is injected conventionally from injector. Two reactions
are occurring in this CFD simulation so material and its species were changed as they were

different in this case. Chemical reactions for both fuels are presented here.

Like diesel + air, acetylene + air reaction also occurred in engine cylinder, for this purpose a
new species, acetylene was selected from fluid material list available in Ansys fluid data base
in vapor phase. Factors involved in reactions are presented in table 3.

Experimental validation was conducted for 100% load condition for optimized dual fuel
mode. Validation of p-© diagram was done for pressure data from 300° CA to 390° CA
obtained from experiment. Fig. 5.6 shows the good agreement between experimental and
simulation results. Though the peak pressure varies, the computational results are very close
to the experimental. The computational model does not account for the pressure losses which
are inevitable in mechanical systems. Moreover, it does not consider for limitations of
pressure sensors that are used to measure the pressure inside the chamber. Considering the
mechanical difficulties in measuring the pressure and limitations of numerical calculation to
predict the exact behavior of real systems, the results obtained are considered to be very

acceptable.
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Fig. 5.6 Validation of pressure-crank angle diagram for dual fuel mode at 100% load

96



Table5.3 Species co-efficient for reactions

Reactants Products
Species Stoichiometric Rate Species Stoichiometric Rate
Coefficient Exponent Coefficient Exponent
Diesel Air (Reaction 1)
CioH22 1 1 CO, 10 0
0O, 15.5 1 H,O 11 0
Acetylene Air (Reaction 2)
CzH, 1 0.5 CO, 2 0
0O, 2.5 1.25 H,O 1 0
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5.6.1 Variation of temperature at different crank angle

Contours of temperature at different crank angle from 345° to 365° CA are shown in Fig. 5.7

- o _ o
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Fig.5.7 Contours of temperature at different crank angle for dual fuel mode
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5.6.2 NO, mass fraction

Contours of NOy mass fraction at different crank angle from 345° to 365° CA are shown in
Fig. 5.8

at CA = 345° at CA =350°
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Fig.5.8 Contours for NOy mass fraction at different crank angle for dual fuel mode
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CHAPTER 6

CONCLUSIONS
6.1 Conclusions

The purpose of the current study was to test the feasibility of acetylene as a fuel in a
stationary, single cylinder CI engine in dual fuel mode along with diesel using a constant
flow rate acetylene generator. Hence, in the present research work, the experimental
investigation of the performance, emission and combustion characteristics for a diesel-
acetylene fuelled, stationary, water-cooled, constant speed, single cylinder, 4-stroke,
compression ignition engine was carried out at varying (i) flow rates of acetylene, (ii)
compression ratio (CR), (iii) injection pressure (IP) and (iv) injection timing (IT). To
establish the baseline, the engine was operated with diesel alone. Optimum performance was
obtained at CR 20 with IP 210 bar and IT 23° bTDC. Investigations were carried out at these
operating conditions in dual fuel mode with 60, 120, 180 and 240 LPH flow rate of acetylene.
At these operating conditions best results were obtained with 120 LPH flow rate of acetylene
and hence, all further investigations in dual fuel mode were done with 120 LPH of acetylene
and the results were compared with those of baseline. From the experimental studies, the

following conclusions have been drawn:

(a) Engine performance improved substantially in dual fuel mode mainly because of higher
energy content of acetylene compared to that of diesel. BTE increased by around 2% in
dual fuel mode both at CR20 and CR21 as compared to pure diesel mode. Brake thermal
efficiency increased with increase in IP up to 200 bar beyond which it decreased. The
highest BTE of 27.57% was found in dual fuel mode at 200 IP in comparison to BTE of
23.34% for baseline diesel. Brake thermal efficiency increased with advancing IT from
18° to 23° bTDC beyond which it decreased. The highest BTE of 27.57% was found in
dual fuel mode at 23° bTDC in comparison to BTE of 23.34% for baseline diesel.

(b) BSEC decreased in dual fuel mode. BSEC in dual fuel mode decreased with increase CR
up to CR 21. BSEC decreased with increase in IP up to 200 bar beyond which it increased
with increase in IP. Lowest BSEC in dual fuel mode was obtained at CR 21, 200 bar IP
while the highest BSEC was in the case of baseline diesel. BSEC in dual fuel mode

decreased with advancement of IT from 18° to 23° bTDC beyond which it increased with
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further advancement in IT. Lowest BSEC in dual fuel mode was obtained at 23° bTDC
while the highest BSEC was in the case of baseline diesel.

EGT was found to decrease on increasing CR in dual fuel mode. The EGT in dual fuel
mode decreased with increase in IP upto 200 bar. The lowest EGT was found at 200 bar
IP in dual fuel mode. The EGT was found to decrease as the IT was advanced from 18° to
23° bTDC and the lowest EGT was obtained at 23° bTDC in dual fuel mode.

(d) Smoke emission in dual fuel mode was lower compared to diesel mode. Smoke decreased

(€)

(f)

with increase in CR in dual fuel mode. Smoke in dual fuel mode was found decreasing
with increase in IP up to 200 bar and on further increment of IP, smoke increased. Smoke
in dual fuel mode was found decreasing with advancement of IT up to 23° bTDC and on
further advancement of IT, smoke increased.

NOy emission was higher in dual fuel mode compared to diesel mode. In dual fuel mode
NOy emission increased with increase in CR. NOy emission in dual fuel mode increased
with increase in injection pressure up to 200 bar beyond which it decreased. NOy
emission in dual fuel mode increased with advancement of IT up to 23° bTDC beyond
which it decreased.

CO emission was found to be lower at high loads and higher at low loads in dual fuel
mode compared to diesel mode. CO emission decreased with increase in CR in case of
dual fuel mode. It was found that CO emission beyond 60% load was lower in case of
dual fuel mode at CR21 than in baseline diesel mode. The CO emissions in dual fuel
mode decreased with increase in IP up to 200 bar and hence, minimum CO emission was
obtained at 200 bar for dual fuel mode. The CO emission in dual fuel mode decreased
with advancement of IT from 18° to 23° bTDC and thus, minimum CO emission was
obtained at 23° bTDC IT for dual fuel mode.

(9) HC in dual fuel mode was lower than diesel. In this case HC emission decreased with

increase in CR until CR 20 above which it increased with increase in CR. The HC
emissions in dual fuel mode decreased with increase in IP up to 200 bar and therefore,
minimum HC emissions were obtained at 200 bar for dual fuel mode. The HC emissions
in dual fuel mode decreased with advancement of IT from 18° to 23° bTDC hence,

minimum HC emission was obtained at 23° bTDC IT for dual fuel mode.

(h) Maximum cylinder pressure in case of dual fuel mode was higher than that in diesel mode

at different CRs. Cylinder pressure increased with increase in CR. The maximum cylinder

pressure in dual fuel mode was observed at 200 bar and it was higher than that for
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baseline diesel mode. The maximum cylinder pressure in dual fuel mode was also
observed at 23° bTDC IT and it was higher than that for baseline diesel mode.

Net Heat Release Rate (NHRR) in case of dual fuel mode was higher compared to that in
diesel mode. Heat release rate increased with increase in CR. The highest net heat release
rate in dual fuel mode was observed at 200 bar. The highest net heat release rate in dual
fuel mode was observed at 23° bTDC IT and it was higher than that for baseline diesel
mode.

The rate of pressure rise increased with increase in CR in dual fuel mode. The maximum
rate of pressure rise in dual fuel mode was observed at 200 bar. The maximum rate of
pressure rise in dual fuel mode was observed at 23° bTDC IT and it was higher than that

for baseline diesel mode.

(k) Numerical modeling of continuous and discrete phase fuel was carried out using software

Ansys Fluent for diesel engine. Real time “in cylinder dynamic motion” simulation
methodology was used in this study. Pressure-crank angle diagrams of optimized diesel
and optimized dual fuel mode for 100% load were validated with experimental results. As
per the validation of experimental data with CFD tool the results obtained were within

limits.

It was therefore concluded that acetylene can be easily operated in dual fuel mode with

improved performance and low CO, HC and smoke emissions at CR 21, IP of 200 bar and IT

of 23° bTDC without any major modifications in engine. However, there was an increment in

NOy emissions in dual fuel mode as compared to that in diesel mode.
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6.2 Scope for future work

1. Since everything was found to be favorable in dual fuel mode except for NOy
emissions, further research can be done to integrate a NOy reduction technology e.g.,
EGR, SCR, LNT, etc. with this kind of set-up to improve final results.

2. The shape of the acetylene injector and its location can be varied to obtain improved
induction in the cylinder to further enhance the performance.

3. Long term durability test (endurance test) and engine component wear analysis can be
performed on acetylene operated engine for which an acetylene generator of much
larger capacity might be required.

4. Since acetylene proved to be economical as compared to diesel, a detailed economic
analysis can be performed to compare results of acetylene with those of diesel.

5. Though acetylene is highly inflammable and explosive in nature, still its feasibility on
a multi-cylinder, variable speed, automobile engine can be done with on-board

generation of acetylene.
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APPENDIX-A: UNCERTAINITY ANALYSIS

Uncertainties in measurements may occur because of several reasons like instruments used
and its calibration, experimental methods, the type of working conditions and environment,
etc. In this way, uncertainty analysis becomes necessary to discover the exactness of the

measured quantity.

The uncertainty associated in this experimental investigation with the measured parameters
has been calculated as per the equipment manuals and the standard procedure proposed in
theGuide to the expression of uncertainty in measurement (GUM)—JCGM
2008.Uncertainties in measurements were calculated using standard analytical and statistical

techniques. Root-sum-square method was adopted, which is as given below.

Let X1, Xy Xs..... Xy, are the number of input measured parameters andx;, X2 Xs... Xy are
their measured values. Let Y be the resulting parameter determined from the input quantities.
The functional relationship between Y and Xj, X, Xs..... Xy, is denoted by f. If y is the
estimation of measure, the combined standard uncertainty u(y) is because of the propagation
of uncertainty in individual parameters associated to a measured value and Y. u(y) is given by
the following relation,

N

0
w») = | Y Ly ux, ¥

i=1

Uncertainty of main parameters in dual fuel mode at engine full load condition was
determined using the above equation. All uncertainties of measurements were evaluated for a
confidence level of 95 %. Uncertainties in properties like density, specific heat, etc. were

neglected.

The maximum uncertainties in the measured and calculated results are given in Table A.1.
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Table A.1The accuracies of the measurements and the maximum uncertainties in the

calculated results

Instrument

Measuring

Parameter range Resolution

Accuracy

Max.

Uncertainity

AVL Digas
444

CO (% vol) 0-10 % vol 0.01 % vol

<0.6%
vol: = 0.03
% vol
>0.6 %
vol: +5 %
of
indicated
value

+2.6%

0- 20000 <2000:1 ppm

HC (ppm) ppm vol vol,

> 2000:10
ppm vol

<200 ppm
vol: £10
ppm vol
>200 ppm
vol: £5%
of
indicated
value

+2.3%

0- 5000 ppm

NOx (ppm) vol 1 ppm vol

< 500 ppm
vol:+50
ppm vol

> 500 ppm
vol: + 10
% of
indicated
value

+2.1%

AVL
DiSmoke 480
BT

Smoke (%) | 0-100% 0.10%

+1.5%

Calculated
Parameters

BTE (%) - -

+ 0.5%

BSEC
(kJ/KWh) - -

+0.5%
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APPENDIX-B: CFD CONTOURS

Diesel mass fraction in diesel mode

at CA = 345 at CA =350°

C10h22.Mass Fraction C10h22.Mass Fraction
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5.749e-002 5.749e-002
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r 3.833e-002 I 3.833e-002
[ 3.194e-002 l 3.194e-002
2.555e-002 2.555e-002
r 1.916e-002 1§ I 1.916e-002
1.278e-002 1.278e-002
I 6.388e-003 I 6.388e-003
0.000e+000 0.000e+000

at CA = 355° at CA = 360°
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Contour 1 Contour 1
[ 6.388e-002 I 6.388e-002
5.749e-002 5.749e-002
I 5.110e-002 r 5.110e-002
4.471e-002 4.471e-002
I 3.833e-002 r 3.833e-002
3.194e-002 3.194e-002 o
[ 2.555e-002 I 2.555e-002
F 1.916e-002 r 1.916e-002

1.278e-002 1.278e-002
I 6.388e-003 I 6.388e-003
0.000e+000 0.000e+000

at CA = 365°

C10h22 Mass Fraction
Contour 1

[ 6.388e-002

5.749e-002
[ 5.110e-002
4.471e-002
[ 3.833e-002
[ 3.194e-002 |

- 1.916e-002 |

1.278e-002
I 6.388e-003
0.000e+000

A.1 Contours for diesel mass fraction for diesel mode
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Turbulence kinetic energy in diesel mode

at CA = 345

Turbulence Kinetic Energy
Contour 1

[ 1.381e+001

1.245e+001
[ 1.109e+001
9.733¢+000
F 8.373e+000
7.013e+000
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2.934¢+000
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2.146e-001

[J kg"-1]

at CA = 355

Turbulence Kinetic Energy
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[ 1.381e+001
1.244e+001
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9.711e+000
- 8.344e+000
[ 6.977e+000
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2.877e+000
I 1.510e+000
1.427e-001

[J kg™-1]

A.2 Contours for Turbulence kinetic energy for diesel mode

Turbulence Kinetic Energy
Contour 1

[ 1.381e+001

1.245e+001
r 1.109e+001
9.733e+000
r 8.373e+000
7.013e+000
[ 5.653¢+000
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[ kg"-1]
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Contour 1
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2.431e+001
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at CA = 365°

Turbulence Kinetic Energy
Contour 1
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Acetylene mass fraction in dual fuel mode

Contour 1
1.033e-003
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A.3 Contours for acetylene mass fraction in dual fuel mode
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Diesel mass fraction in dual fuel mode

at CA = 345 at CA =350°
g r(\lgﬁ?{wass Fraction %QEEEE{M%S Fraction
1.757e-002 1.691e-002
1.5682e-002 1.522e-002
1.406e-002 1.353e-002
1.230e-002 1.184e-002
1.054e-002 1.015e-002
8.787e-003 8.456e-003
7.030e-003 6.765e-003
5.272e-003 5.074e-003
3.515e-003 3.383e-003
1.757e-003 1.691e-003
1.158e-007 1.211e-007
at CA = 355° at CA = 360

C10h22 Mass Fraction C10h22.Mass Fraction

Sontour 1 Contour 1
1.955e-002 2 168e-002
1.760e-002 1.051e-002
1.564e-002 1.735e-002
1.369e-002 1.518e-002
1.173e-002 1.301e-002
9.777e-003 1.084e-002
7.822e-003 8.673e-003
5.866e-003 6.505e-003
3.911e-003 4.337e-003
1.955e-003 2.168e-003
2.691e-008 1.342e-008

at CA = 365°

C10h22 Mass Fraction
Contour 1

l 2.581e-002
2.323e-002
[ 2.065e-002

[ 1.807e-002
[ 1.54%e-002

[ 1.290e-002
1.032¢-002

[ 7.743e-003

5.162e-003
I 2.581e-003
9.598e-009

A.4 Contours for diesel mass fraction in dual fuel mode
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Turbulence kinetic energy

at CA = 345

Turbulence Kinetic Energy
Contour 1

5.694e+000
5.183e+000
4.671e+000
4.160e+000
3,649e+000
3.138e+000
2.627e+000
2.115e+000
1.604e+000
1.093e+000

5.818e-001
[J kg™1]

at CA = 355°

Turbulence Kinetic Energy

Contour 1
5.850e+000
5.322e+000
4.793e+000
4.264e+000
3.735e+000
3.207e+000
2.678e+000
2.149e+000
1.620e+000
1.092e+000

5.628e-001
[Jkg*1]

Turbulence Kinetic Energy

Contour 1
1.242e+001

1.123e+001
1.003e+001
8.834e+000
7.637e+000
6.439e+000
5.242e+000
4.045e+000
2.848e+000
1.651e+000

4.542e-001
[J kg*1]

at CA = 350

Turbulence Kinetic Energy
Contour 1

5.796e+000
5.275e+000
4.754e+000
4.233e+000
3.712e+000
3.191e+000
2.670e+000
2.149e+000
1.628e+000
1.107e+000

5.862e-001
[J kg*-1]

at CA = 360°

Turbulence Kinetic Energy

Contour 1
6.415e+000
5.828e+000
5.241e+000
4 654e+000
4.066e+000
3.479e+000
2.892e+000
2.305e+000
1.718e+000
1.130e+000

5.432e-001
[ kg™1]

at CA = 365°

A.5 Contours for Turbulence kinetic energy for dual fuel mode
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