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Abstract

iesel engines have been serving dedicatedly from long before to sustain the progress
D and prosperity of the modern civilization around the globe. However, due to some
alarming concerns like acceleration of hiking of diesel oil prices, scarcity of the reserves of this
fossil oil and carcinogen greenhouse gas (GHG) emission, the community of engine research
is searching an alternative way to generate the environmentally friendly power with the use of
renewable fuels. The diesel engines mainly generate a tremendous quantity of carcinogenic
oxides of nitrogen (NOx) and soot. The recently reported works reveal that the conversion of
pure diesel mode (PDM) to dual fuel mode (DFM) of engine operation has a great ability to
curtail the NOx and soot. Moreover, in DFM both renewable liquid and gaseous fuels can
simultaneously be used. In DFM, the liquid fuel (pilot) is injected into the engine cylinder to
initiate the combustion of the premixed gaseous fuel and air mixture. In this context, during
the last two decades, biodiesels, alcohols, and ethers in various forms as pilot and biogas as the
attractive inducted gaseous renewable fuels are found. However, owing to the different fuel
characteristics of this two higher-cetane (liquid) and higher-octane (gaseous) fuels, there is a
performance penalty in DFM as compared to PDM. Besides biogas has inferior lower heating
value (LHV) and very high self-ignition temperature. Thus, the researchers have observed
comparatively more deterioration in DFM engine performance at engine standard compression
ratio (CR) and injection timing (IT). Nevertheless, the major benefits to run the DFM engine
at standard CR and IT are easy to fall back in PDM in any case of the shortage of gaseous fuel.
Hence, keeping this vista in mind, the present study aims to improve the biogas run DFM
engine performance (at standard IT =23 CAD bTDC and CR = 17.5) that is competitive to
PDM using various liquid oxygenated fuels blended with diesel fuel. This idea is mainly to

generate the power in the rural areas of the developing countries like India.

Due to the use of a higher quantity of biogas in DFM, the researchers never achieved an
efficient engine performance at standard CR and IT as compared to PDM. In addition, there is
no contemporary study on the effects of the crucial parameter global fuel-air equivalence ratio
(Dgiobal) On DFM engine overall performance. Besides, owing to the higher heat capacity of
biogas, there will be the cooling effects at the time of combustion with the consequence of
slower reaction rate of the gas mixture and extinction of the flame front. Hence, there can be
the significant improvement in the overall performance of the DFM engine with the technique
of intake charge preheating. In this research work, a series of investigations have been carried
out with numerous @giobal from part to higher loads with the intake charge (biogas-air mixture)
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preheating at the standard IT =23 CAD bTDC and CR = 17.5 using various oxygenated liquid
fuels as the pilot fuel. It is noticed that from the part to higher loads, there is a significant
improvement in engine performance with preheating as compared to the ones without
preheating. The preheating is done with a cross-flow heat exchanger (CFHE) using engine
exhaust. The optimum ranges of @®gionai/loads (bar) are found as 0.29-0.31/0.83, 0.35-
0.36/1.65, 0.40-0.43/2.48, 0.47-0.50/3.31, and 0.53-0.60/4.14.

The pilot fuels that are considered in the present investigation are: (a) diesel, (b) binary blends
of 5% ethanol blended with 95% diesel (E-5), (c) five ternary blends (TB) of diesel-biodiesel-
ethanol (D-B-E), (d) ternary blend of D-B-butanol (TB-BT) and (e) ternary blend of D-B-
diethyl ether (TB-DEE). As there is the improvement of engine performance with preheating,
all the experiments with the blended fuels are carried out with the preheating of the intake
charge. The preheating temperature is controlled at 55 + 2° C depending upon the appearance
of knocking sound, controlling of @gioba and depending upon the engine volumetric efficiency.
In the performance analysis, the parameters such as brake specific energy consumption
(BSEC), brake thermal efficiency (BTE), volumetric efficiency (VE), liquid fuel replacements
(LFR), actual diesel replacements (ADR), fuels energy shares, @gional, premixed fuel-air
equivalence ratio (@premixed) have been considered. In the combustion analysis, the cylinder
pressure history, net heat release rate (NHRR), ignition delay (ID), combustion duration (CD),
cylinder mean gas temperature (CMGT), and cycle-by-cycle variations of the cylinder peak
pressure (CPP) are considered. Further, for the emission analysis, carbon dioxide (CO>), carbon
monoxide (CO), hydrocarbon (HC), and oxides of nitrogen (NOy) are chosen. In order to
accomplish this benchmark research work, a thermodynamic study is also carried out. The
thermodynamic analysis includes energetic and exergetic study based on the first and second
law of thermodynamics, respectively.

Keywords: Diesel engine, Dual fuel diesel engine, Fuel-air Equivalence Ratio, Preheating,
Renewable Fuel, Oxygenated fuels, Blends, Performance, Combustion, Emissions, Energy,

Exergy.
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Introduction
Chapter
Highlights: Overview: To sustain the progress and comfort lifestyle in the modern

e Energy demand
and GHG emission
increase
simultaneously and
are found higher in
the developing
countries

¢ Renewable energy
sources have the
great prospects

e Dual fuel concept
of diesel engines
can be the
alternative method
to use cheaper
gaseous fuels like
biogas and to
produce energy
efficiently.

e Huge possibility to
improve the dual
fuel engine
performance at
standard operating
operating
parameters

society, the fossil fuels have been used rapidly. Therefore, the green
ecosystems in the world have been shoved into a completely devastating
state due to the unbridled pollutant emission on combustion of these
fossil fuels. Consequently, the control of global warming and
greenhouse gas (GHG) emission have become a major challenge to the
research communities around the globe. Besides, the developing realms
like India in the world are heavily dependent on imported fossil fuels to
meet the ever-increasing energy demand to sustain the progress and
prosperity. The fossil energy in India is primarily used in transport and
stationary power production sectors. However, the reserves of the fossil
fuels are depleting with acceleration and making a relic of serious
concern to the developing nations. Hence, it has become necessary to
harness and utilize effectively of the renewable fuels either as pure or
as supplementing with fossil fuels. Among different alternative
renewable energy sources, alcohols, ether, biodiesel, and biogas are
found to be promising. This chapter briefly discusses the energy and
climate scenario in the world and in India. In addition, various
renewable alternative energy sources, dual fuel concept, and emission
standards are also elaborated. At the end, the objective of the present
research work has been elaborated. Finally, the organization of the
thesis and the roadmap are explained.
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Chapter-1 Introduction

1.1 The World Energy and Climate Scenario

Modern lifestyles are extremely dependent on the use of energy to sustain comfort and luxury.
The non-renewable fossil petroleum and coal are the major sources of energy to meet the
demand of the energy that has the immense adverse impact on the environment. However, the
reserves of fossil fuels around the globe are limited concerning the faster rate of depletion.
Fossil oil being the product of the burial and transformation of biomass over the last 200 million
years, the amount of underground oil is finite. According to an estimate, the reserves will last
another 218 years for coal, 41 years for oil, and 63 years for natural gas, under a business-as-
usual scenario (Agarwal, 2007). Oil has no equal as an energy source because of its intrinsic
qualities such as extractability, transportability, versatility, and cost. Consequently, it has
become essential to search for an alternative source of energy to transmit the use of fossil based
fuel into the sustainable energy sources. To reduce the detrimental effects of GHG, produced
from combustion of fossil fuel, the various agreements are signed among the nations in the
world that discussed later. Figs 1.1 and 1.2 show the use of different primary fuels and the

corresponding emission of CO..
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Fig. 1.1 Use of different fuels and the corresponding emission of CO, (Source: BP Outlook, 2018)

1.2 Energy Scenario in India

Production, conversion, reservation, and efficient utilization of fossil and renewable energy
sources are the key challenges to the researchers throughout the globe to keep a balance
between the supply and demand in transport and power production sectors. The fuel energies
are being supplied to meet the demand in these sectors are mainly from the limited fossil
reservoirs. The British Petroleum (BP) Energy Outlook 2035 (BP Energy Outlook, 2017)
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Chapter-1 Introduction

reported that the fossil fuels (oil, coal, and gas) will remain the dominant sources of energy and
will supply almost 75% of total energy until 2035. Consequently, the depletion of inadequate
reserves of fossil fuels has become faster which is challenging the country's energy security.
Besides, the burning of these fossil fuels brings the globe at the carbon age with the
consequence of global warming and dangerous threat to the green ecosystem. India among the
realms of the world is the fastest growing economy and has the second largest population in
the world. Therefore, it has become the largest energy consumer in the world. India, China,
and the USA have the world population of 18, 19, and 4%, respectively. According to
International Energy Outlook (IEA) report (India Energy Outlook: IEA Special Report, 2015),
India consumed 6% of the world energy, while, China and the USA consumed 22, and 16%
respectively. However, according to this report, in 2040, India will be the largest populous
nation in the world concerning the energy consumption and will be the major driving force in
global trends in all aspects. Nevertheless, to sustain the progress of the nation, the crucial
challenge is to ensure the balance of demand and supply of energy. The country has been
meeting its commercial energy demand largely by imported fossil fuels such as coal, petroleum
oil, and natural gas. The scenario of these fuels has been described briefly as below.
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Fig. 1.2 Forecasting of worldwide energy use by end-use sector and region and
corresponding demand for the use of different fuels (Source: BP Outlook, 2018)

1.2.1 Petroleum Oil

Fossil oils are highly traded commaodity in the world. In India, oil is considered as the second
largest primary source of energy for the commercial power production sectors. However, the
country has relatively poor resources of fossil oil reserves. Currently, India has a total

petroleum oil reserve of 5.7 billion barrels in offshore and onshore which is only 0.5% of the
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world reserves (India Energy Outlook: IEA Special Report, 2015). However, the resources are
insufficient to meet the rigorous budding demand of the country. Figures 1.3 and 1.4 show the
production, import, and import dependency of fossil oil in India (National Energy Map for
India: Technology Vision 2030; World Energy Outlook, 2009). They clearly indicate that the
import and import dependency of petroleum oil increase with times and the increment is
projected to be very high beyond the year of 2030. Therefore, according to various data
published in the open literature, India needs to proceed with concrete and meaningful policies
to implement more renewable fuels to ensure the energy security of the country. Presently, the
country is importing the crude oil from the most politically unstable Persian Gulf countries
accounting for 65% of total import. However, under the new policy, India is seeking new
sources like Sudan, Nigeria, Syria, Vietnam, Russia, North America, etc. According to the
energy information agency (EIA), India will be the fourth largest oil importer in the world by
2025 after USA, China, and Japan (http://www.eia.doe.gov/emeu/cabs/India/Oil.html).
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Fig. 1.3 India’s oil dependency Fig. 1.4 Production, import and import
on imported crude petroleum dependency of fossil oil in the BAU
oil (Source: IEA, World scenario (Source: National Energy Map
Energy Outlook, 2009) for India: Technology Vision, 2035)

1.2.2 Natural Gas

As the reserves of natural gas are abundant and combustion of this low carbon fuel produces
less pollutants in comparison to higher carbon gaseous fuels, hence it is considered as a
“bridge” fuel to “low-carbon future” (Ahuja and Tatsutani, 2009; Kirkland, 2010). In recent
times, the Government of India has targeted natural gas as the fuel for future for domestic and
commercial purposes. However, the country is not endowed with adequate sources of natural
gas and has only 0.7% of the world reserves (British Petroleum, 2013). However, the use of
gas was increased by twofold during 2002-2012 (British Petroleum, 2013). It was estimated

4
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by the World Energy Outlook, 2013 that, in India, natural gas had the fastest growing demands
as compared to coal and oil. During 1990-2011, the compound annual growth rates (CAGR)
of coal, oil, and natural gas were 4.9, 5.6, and 7.5%, respectively (IEA, 2013). The CAGR of
coal, oil, and natural gas during the fiscal of 2011-2035 will be 3.1, 3.5, and 4.4%, whereas
the average CAGR of the world is estimated at only 1.6% (IEA, 2013). Hence, due to the
limited reserves of natural gas and its increasing demand, the dependency on imported natural
gas is increasing. According to business-as-usual (BAU) scenario (Fig.1.5), the import
dependency of natural gas from 2001 to 2021 will increase from almost 0 to 66%. Whereas in
2031, the dependence will hover between 66 and 67% (Fig. 1.5) due to the development of
infrastructures like making network of pipeline to ensure the supply of gas at proper station
and the bilateral agreement between India and the gas exporting countries (National Energy
Map for India: Technology Vision, 2030).
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Fig. 1.5 Production, import and import dependency of natural gas in the business as
usual scenario (Source: National Energy Map for India: Technology Vision, 2035)

1.2.3 GDP and Climate in India

The relation of the growth of gross domestic product (GDP) to energy usage in India is shown
in Fig. 1.6. It is seen that with the increase of GDP, energy demand increases at a faster rate.
On the other hand, meeting this energy demand has been fulfilled and is being targeted by
importing the fossil fuels such as coal, petroleum oil, and natural gas. The above discussion on
the production, import, and import dependency of fossil fuels (coal, oil, and natural gas) implies
that India has no other significant options to meet the energy demand and to sustain the growth
of the GDP. However, as all these fuels are carbonaceous, the country has become one of the
most abundant greenhouse gas (GHG) emitters in the world with the global share of 6.5%
(Olivier et al., 2015). As stated in World Resources Institute (WRI) data, the top 10 GHG gas
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emitters in the world are China, USA, European Union, India, Russian Federation, Indonesia,
Brazil, Japan, Canada, and Mexico and they are responsible for the emission of 70% of the
total global GHG (http://www.wri.org/blog/). Among them, India is the fourth largest emitter
of the GHG. According to the Biennial Update Report (BUR) 2010, India released
approximately 2136.84 million tonnes of CO> equivalent to GHG and, in 2030, the emission
will climb up to 90% in contrast to present emission status (PARIS SUMMIT, 2015). However,
by increasing the GHG emission, the whole world would keep in an entirely devastating states,
which would destroy the green ecosystem, and for that reason, the historical Paris Climate
Agreement (PCA) under the United Nations Framework Convention on Climate Change
(UNFCCC) has been signed among 191 nations in the world. The countries except the USA
have committed to hover "the increase in the global average temperature to well below 2 °C
above pre-industrial levels and pursue efforts to limit the temperature increase to 1.5 °C above
pre-industrial levels" (UNFCCC 2015). In this aspect, the agreement makes its own
constitution for the developed and developing countries and binds them in a common platform
to achieve the goals of the agreement. India is also very keen and conscious of her responsibility
about the PCA. In this noble aspect, the Government of India has implemented eight national
policies on a long-term basis in the context of climate change in the report of National Action

Plan on Climate Change (NAPCC) to reduce the GHG (http://www.moef.nic.in/ccdnapcc).
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Fig. 1.6 The relation of the growth of GDP and the energy dependency in
India (Source: National Energy Map of India, Technology Vision, 2030)

1.2.4 Energy Use in Transport Sector

According to BAU scenario, the energy use in the transport sector in 2031 will be increased by
186.34% for the consumption in 2016 as shown in Fig. 1.7 (National Energy Map for India:
Technology Vision, 2030). Figure 1.8 shows the net import, net production, net supply, and
consumption by the different industrial and transport sectors and the total consumptions by all
the sectors which are consuming petroleum oil (National Energy Map for India: Technology
Vision, 2030). As observed in Fig. 1.8, the oil used in transport sector is increasing with time,
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and in the year of 2031/32, the consumption of oil according to BAU scenario will be enhanced
approximately by 188.24% with respect to the present time (2016/17), and this will be the

maximum consumption as compared to the consumption by the others power production

sectors (National Energy Map for India: Technology Vision, 2030).
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supply, and use in the transport sector.
(Source: National Energy Map of India,
Technology Vision, 2030)
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in the transport sector in India (Source:
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Figure 1.9 shows the energy consumption in transport sectors by various modes in India
(International Energy Agency, World Energy Outlook, 2007). The use of energy (oil) in trucks
and buses is found to be very high in comparison to the consumption by the other light vehicles.
On the other hand, the engines in trucks and buses are generally run with diesel. Therefore,
diesel consumption will be expected to be high. Figure 1.10 shows the diesel consumption from

2014 to 2040. The consumption of diesel in the transport sector is found to be dominant. In

TH-2089_126103042



Chapter-1 Introduction

2013, the diesel consumption in the transportation sector was 1 mb/d (million barrel/day) which
was 70% of the total oil consumption. This is because of a large number of freight vehicles
(approximately, 60% run with diesel) and buses (around 35%) have been working in the
transport sector. As a result, the use of total oil and at the same time the use of diesel will be
enhanced extensively by 2040 (World Energy Outlook, 2009). The discussions in the previous
sections revealed that with the enhancement of GDP, energy use in India increases. On the
other hand, India is heavily dependent on imported fossil fuels. Consequently, GHG emission
in India is increasing excessively. Figure 1.11 shows the GHG emission in different sectors
(Busby and Shidore 2017). Figure 1.12 shows the GHG emissions in transport sectors by

various modes (India: Greenhouse Gas Emissions, 2007).
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Fig. 1.11 Sector-wise greenhouse Fig. 1.12 Greenhouse gas emission in
gas emission in India. (Source: transport sectors by mode of transport in
Busby and Shidore, 2017) India in 2007. (Source: INCCA-2007)

The previous discussion on GHG emissions in the road transport sector, it is evident that the
GHG increases due to predominant use of fossil diesel fuel. However, it can be reduced by the
use of the liquid and gaseous biofuels fuels. Figure 1.13 shows the scenario of increasing use
of biofuels all over the world (OECD/IEA 2011). The use of biofuels from the present to the
projected future is increasing, and the increment is found to be higher in the OECD countries
than in the developing countries. It may be due to the development of new technologies and
the transfer of technologies between the OECD countries. However, in India, the use of biofuels
is also increasing (Fig. 1.13). Figure 1.14 shows the promising sources of biofuel in different
strategic states (National Policy on Biofuels, 2009). Some of the biofuels are in the commercial
stage, and some of them are in the research and development stage. In Table 1.1, the different
biofuels are presented, and the safe use of biofuels blended with the conventional petroleum
fuels is described (OECD/IEA 2011).
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Fig. 1.13 Biofuel energy demand in the transport sector in different regions of the world
(Source: IEA, Technology Road Map, Biofuels fuels for Transport) (EJ = exajouls)

1.3 Prospects of Biofuels in India

The practice on the use of biofuels in India is lagging behind the other nations around the globe.
To accelerate the implementation of biofuels and to concern the susceptibility of energy

security, the Government of India under the Ministry of New and Renewable Energy

announced “National Policy on Biofuels” in 2009. A minimum volume percentage of 20% of

biodiesel and ethanol has been proposed by 2017 to use as the blended fuel with the petroleum

fuels. In the policy, 400 species of trees having non-edible oilseeds were targeted to investigate

the usability as a fuel depending upon the techno-economic sustainability (National Policy on

Biofuels 2009). In the recent times, ethers, various alcohols, and biogas are observed to be the

promising fuel particularly in the field of internal combustion engines.

Bioethanol

Diesel-type
biofuels

Others fuel and
additives

Biomethane

Hydrogen

Advanced biofuels Conventional biofuels
Basic and applied R&D | Demonstration |  Early commercial Commercial
1 1
Cellulosic ethanol Ethanol from sugar and
starch crops
Biodiesel fro ! ! !
iodiesel from o
Bitl'-diesel g
microalgae; Sugar- e 'ﬁc:;:oMFTl) Hydro m”ﬁd Biodiesel
b gasl vegetable oil (by transesterification)
| | |
Novel fuels Biodiesel; DME®:
(e.g. furanics)  Pyrolysis-based fuels S
1 1
Bio-SG* Biogas
(anaerobic digestion)
|
All others Gasification Biogas
novel routs with reforming reforming
L
Liquid fuels =~ Gaseous fuels/ 1-Biomass-to-liquids, 2-Fischer Tropsch, 3-Diemethyl ether, 4-Bio-synthetic gas

Fig. 1.14 Commercial status of primary biofuel technology in the world
(Source: IEA, Technology Road Map, Biofuel fuels for Transport)
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1.4 Alternative Renewable Fuels

Stringent emission regulations and concerns over energy security have recently amplified
research interest on alternative renewable fuels. Renewable fuels have their own lifecycle. The
combustion of biofuels produces CO.. However, CO2 is consumed by the biofuel plants as they
grow. This is why they are termed as carbon-neutral fuels. Consequently, they emit very low
GHG in comparison to fossil fuels. Hence, the alternative green renewable fuels have great
prospects and are competitive to fossil petroleum fuels. It can therefore be predominantly used

as the alternative source of energy in the stationary and transport sectors.

Table 1.1 Overview of biofuel blending characteristics (OECD/IEA2011)

Biofuels Blending characteristics

E10 (Ethanol)-E15 (E25 in Brazil) in conventional

Sugar-based ethanol

Starch-based ethanol
Conventional biodiesel (fatty acid
methyl ester)

Hydrotreated vegetable oil (HVO)
BtL (biomass-to-liquid)-diesel
Algae oil based biodiesel/bio-jet fuel

Biogas

Bio-SG
Bio-butanol
Dimethyl ether

Methanol

Sugar-based diesel/jet-fuel

vehicles; E85-E100 in ethanol vehicles
Same as above

Upto B-20 (biodiesel 20%) in conventional diesel engines

Fully compatible with existing vehicles and distribution
infrastructures

Same as above

After hydrotreating: fully compatible with existing
vehicles and distribution infrastructures

After upgrading: fully compatible with natural gas
vehicles and fueling infrastructures

Same as above

Use in gasoline vehicles in blends up to 85%
Compatible with LPG infrastructure

10-20% in gasoline engine, blends up to 85% in FFVs
(Flexible-fuel vehicles)

Fully compatible with existing vehicles and distribution
infrastructures

Source: IEA, Technology Road Map, Biofuels for Transport

1.4.1 Biodiesels

Biodiesel is a clean-burning alternative renewable fuel.

It is mainly produced by

transesterification of vegetable oils (edible or non-edible) and animal fats (triglycerides) with
an alcohol (methanol or ethanol) (Ma and Hanna, 1999; Li et al., 2013; Virginio e Silva et al.,
2018). Biodiesel as a fuel has the inherent physical and chemical properties over the petro-
diesel such as (i) almost negligible sulfur and aromatic content, (ii) higher flash point, lubricity
and almost diesel-like cetane number, (iii) biodegradable, and (iv) non-toxic. It also has the
ability to reduce the emission of CO, SO, HC, particulate matters, polyaromatics, and smokes

than fossil diesel. However, there are some limitations to use pure biodiesel as fuel due to
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higher viscosity, higher pour point, lower calorific value, low volatile and oxidation ability,
and a good solvent of some elastomeric sealants that can cause the erosion problems in engine
fuel lines (Cetinkaya et al., 2005; Bhale et al., 2009) in comparison to fossil diesel. It is reported
that up to 20 vol.% of biodiesel blended with diesel is almost similar to petrodiesel (OECD/IEA,
2011). While higher volume contents of biodiesel in blend adversely deteriorates the engine
performance (Cetinkaya et al., 2005; Bhale et al., 2009).

1.4.2 Ethanol

Ethanol has been known as a fuel for a long time. It was the thought of Sir Henry Ford that
ethanol would be the future fuel for the internal combustion engines mainly for the spark-
ignition engines. However, due to the sudden flashing of the popularity of gasoline, ethanol is
unable to compete with petroleum fuels. As a fuel, the major advantages of ethanol are (i)
purely renewable and easy to produce from any biological feedstock's by fermentation, (ii)
oxygenated fuel, (iii) generated lesser GHG, (iv) negligible sulfur and particulate matter
emission, and (v) 100% biodegradable. Recently, the practice of using of ethanol in diesel
engines in different modes of engine operations has become popular among the researchers all
over the world. However, to achieve an efficient engine operation in diesel engines, the quantity
of ethanol in the blend must be optimized (Paul et al., 2017; Alptekin, 2017). The practice of
ethanol production and usability in energy sectors are increasing significantly (Sakthivel et al.,
2018).

1.4.3 Butanol

Butanol can be produced from fossil fuels as well as from biological feedstocks by
fermentation. Hence, it can be considered as a purely renewable fuel. It has some attractive
advantages as fuel over the low carbon alcohols (ethanol and methanol) such as higher energy
density, miscibility with petroleum oil, lower heat of vaporization, higher Cetane number
(Dogan, 2011). Further, it emits lower GHG and is noncorrosive (Cheng, 2010), and can be
used in engines without modification. Butanol, having higher viscosity than diesel, can also be

blended with diesel for its use in diesel engines.
1.4.4 Diethyl Ether

Diethyl ether (DEE) has been in use since long to reduce the problem of cold starting. DEE, a
renewable fuel, is produced from ethanol by the process of dehydration using an acid catalyst

(Sezer, 2011). It has the same oxygen quantity as that of butanol. Its superior fuel properties

11
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make it suitable for diesel engines. In recent times, DEE, as a very high cetane number (higher
than 125) fuel (Rakopoulos et al., 2012), has become popular as the ignition improver in dual
fuel diesel engine that run on less reactive gaseous fuels (e.g., biogas, methane, producer gas,
and other gaseous fuels). As a fuel, the other eye-catching properties of DEE are reasonable
energy density, high oxygen content, low self-ignition temperature, wide flammability limits,
and high miscibility with the diesel fuel. However, it is highly volatile and has a tendency to
form peroxide due to faster oxidation and causes anesthetic effects on human healths (Bailey
etal., 1997).

1.4.5 Biogas

Biogas, the cheapest renewable fuel in the world, can be produced by the natural anaerobic
digestion process. Biogas was first produced in France in 1860 (Cheng 2010), and is currently
being produced all over the world. In recent times, biogas has become one of the popular fuels
in the field of power production by diesel engines. In diesel engines, biogas is considered as a
less reactive gaseous fuel. It is inducted into the intake manifold of the engine in dual fuel mode
(DFM), which is then ignited by a higher cetane fuel sprayed over the gas-air mixture. The
worldwide biogas production has increased remarkably, and this can play a strategic role in the
developing market for renewable energy. It is estimated that the production of biogas from
2012 to 2022 will be doubled (from 14.5 to 29.5 gigawatts) (Maroneze et al., 2014, Karaszova
et al., 2015). The production of biogas by anaerobic digestion is also referred as the waste
management of organic material (Borjesson and Berglund, 2006). However, biogas as a fuel
has some disadvantages notable among which are its lower calorific value, higher auto-ignition
temperature, presence of CO. as flame inhibitor, and generation of corrosive H»S as trace

components.
1.5 Dual Fuel Concept

Dual fuel concept is old, but the technology has been developing (Karim, 1980). The benefit
of this technique is that it allows the simultaneous use of both the liquid and gaseous fuels.
Therefore, both lucrative liquid and gaseous renewable fuels at a time can be utilized in DFM
of diesel engine. The major advantage in DFM lies with the reduction of NOx and smoke over
PDM (Mustafi and Raine, 2008, Yoon and Lee, 2011). However, in DFM, a very careful
control of fuels (both the liquid and gaseous) in terms of equivalence ratio is essential. This is
because the liquid fuel (such as diesel) has the substantial lower auto-ignition temperature as

compared to gaseous fuel. Since in DFM the liquid fuel is sprayed over the compressed and
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inducted gaseous fuel-air mixture to originate the flame fronts from each of the ignited points
of the atomized liquid fuel, the induction of a higher amount of gaseous fuel can cool down the
initial cylinder mean gas temperature (CMGT). Consequently, the extinction of the flame front
can cause the phenomena of misfire. In this context, to improve the quality of DFM engine

performance, preheating can be an efficient technique (Feroskhan et al., 2018).

Table 1.2 Emission Standards for Diesel and Gas Engines (g/kWh)

Type and Time CO NMHC CH, b NOXx PM®2
Euro-3 Oct. 1999 3.00 0.40 0.65 2.0 0.02
Euro-3 Oct. 2000 5.45 0.78 1.6 5.0 0.16
Euro-4 Oct. 2005 4.00 0.55 14 3.5 0.03
Euro-5 Oct. 2008 4.00 0.55 1.1 2.0 0.03
Euro-6 Jan. 2013 4.00 0.16¢® 0.5 0.4 0.01¢4

NMHC-non-methane hydrocarbons; *JFor Natural gas engine only; ® Not applicable for gas fueled
engines; ®¥THC (total hydrocarbons) limits apply for diesel; ““1t may apply to prevent ultra-fine
particles from flow through filters

1.6 Emission Regulation Norms

Concerning the deadly impact of the pollutant on the environment due to increase use of
stationary and automotive diesel engines, the emission regulations throughout the world have
become more and more stringent. The vehicular air pollution first attempted to measure in the
USA in 1965. In Europe, emission norms were implemented from the year 1970 (Pundir, 2010).
India is following the European emission regulation acts with minor modification. The
European emission norms for diesel and gas engines are represented in Table 1.2; whereas the

Indian emissions norms for the dual fuel diesel engine is portrayed in Table 1.3.

Table 1.3 Dual Fuel Diesel (Genset) Engine Emission Norms (Central Pollution
Control Board, Ministry of Environment, Forest, and Climate Change)

Emission Limits (g/kwWh) Smoke Limit
Power Limit (Light absorption
NOy + THC or NOy +NMHC CcoO PM .. 4
coefficient, m™)
Up to 19 kW <175 <35 <03 <0.7
19 <kW<75 <47 <3.5 <03 <0.7
75 <kW< 800 <4.0 <35 <02 <0.7

1.7 Objectives of the Present Investigation

In the open literature, it is noticed that most of the researchers carried out investigations at very

high biogas flow rate at which the sign of misfire appears. Consequently, at the standard setting
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of operating parameters (IT = 23 CAD bTDC and CR = 17.5), the investigators noticed a
substantial deterioration of DFM engine performance as compared to PDM of engine operation.
The higher consumption of biogas may lead to higher engine speed fluctuation, unstable engine
operation, higher cycle-by-cycle variations, overheating of the nozzle tip, vibration due to the
rate of change of acceleration. Hence, in DFM, the proportion of total (gaseous + liquid) fuel
and air is very crucial in terms of global fuel-air equivalence ratio (@gioal). Besides, due to very
high self-ignition temperature of biogas, the combustion wall temperature and the gas mixture
temperature reduce thereby slowing down the reaction rate. On the other hand, CO> present in
biogas retards the flame propagation. The biogas DFM engine’s overall performance
(performance, combustion, and emission) can therefore be improved by preheating the intake
charge. In addition, due to supplementation of biogas in the air stream, a considerable amount
of air is replaced by biogas. This reduces the oxygen quantity in the fresh intake charge or in
other words the reduction in volumetric efficiency (VE). An addition of oxygenated fuel in a
scientific way can improve the biogas run DFM engine performance. The present investigation
is thus aimed towards a clean and an efficient power production from a diesel engine under

dual fuel mode, and in view of this, the following objectives are set:

v" To find the optimum ranges of ®gional at each of the applied loads based on engine
overall performance (performance, combustion, and emission).

v" To experiment at the optimum ranges of @gieval With intake charge preheating (using a
cross-flow heat exchanger) and to find the engine overall performance.

v To use binary blend (5% ethanol and 95% diesel) as the pilot fuel to find the effect of
oxygenated fuel on the DFM engine behaviour.

v" To use various ternary blends (TB) of diesel-biodiesel-ethanol and to arrive at the
optimum blend based on engine overall performance.

v' To use the TBs of diesel-biodiesel-butanol (abbreviated as TB-BT) and diesel-
biodiesel-diethyl ether (abbreviated as TB-DEE) in DFM and to find the engine overall
performance.

v Energetic and exergetic analysis of the biogas run DFM engine using ternary blends

and with preheating.

1.8 Organization of the Thesis and the Road Map

The thesis consists of nine chapters. Chapter 1 introduces the global energy scenarios,
worldwide climate status, and prospects of using green renewable fuels in diesel engines in

DFM. This is followed by the objective of the investigation. Chapter 2 presents the state-of-
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the-art literature survey on usability of various liquid oxygenated fuels in biogas run DFM
engines, a contemporary analysis of energy and exergy of DFM engines and highlights the
scopes of the present work. Chapter 3 outlines the test setup and the associated instruments.
Chapter 4 elaborates the method of optimizing ®@giobal based on engines overall performance,
and defines the optimum ranges of @gional. Chapter 5 discusses the results of E5 blends
(consists of 5% ethanol and 95% diesel by volume) in the biogas run DFM engine. Chapter 6
gives the results on the use of various ternary blends (TBs) of diesel-biodiesel-ethanol.
Chapter 7 analyses the results of ternary blends of diesel-biodiesel-ethanol, ternary blends
diesel-biodiesel-butanol and ternary blends diesel-biodiesel-diethyl ether. Chapter 8 gives the
energetic and exergetic analysis of the DFM engine. Chapter 9 recaps the key findings of the

investigation and proposes the future scopes.

Road Map

Objective: To use diesel engines in dual fuel
mode (DFM) for stationary applications by
using renewable gaseous and liquid fuels
Introduction H Literature Review H and make comparative analyses under
various parametric states both in PDM and
DFM

¢ Base experiments in PDM I'
e Optimization of @gjgha in DFM
e Investigation with optimized ®gpar and

Conversion of existing setup to dual fuel

intake charge preheating Eee {0 )
DFM: Part-1 DFM: Part-2
o Implementations of binary blends of diesel o Experiments with ternary blends of diesel-
and ethanol at optimized @giobal. r— biodiesel-ethanol at optimum ®gjopar.
o Experimentations with preheating e Selection of best blended fuel
e Parametric study of biogas DFM engine e Comparative study of DFM without/with
overall performance characteristics preheating and with TBs
Energetic and exergetic analysis of the DFM DFM: Part-3
Engine with intake charge preheating using D — o Experiments with the ternary blends of
various oxygenated blended fuels at the part diesel-biodiesel-butanol
and higher loads e Experiments with the ternary blends of
diesel-biodiesel-diethyl ether
e Comparative study among PDM, DFM
without preheating, with preheating and
Conclusions and future scopes with TBs of ethanol, butanol, and DEE
15
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2.1 Prospects of DFM Engine

In the evolution of internal combustion engine technology, J. J. E. Lenoir (1822-1900)
developed the first commercial engine with the only thermal efficiency of 5% (Heywood,
1988). It was the gas (coal gas-air mixture) inducted two-stroke engine. During the same time
interval (1867), N. A. Otto (1832-1991) and E. Langen (1833-1995) developed an engine
running with gas and working with a free piston and rack mechanism having the efficiency of
more than doubled (11%) to that of the Lenoir engine (Pundir, 2010). The first prototype engine
(four-stroke) built and proposed by Otto in 1876 is considered as the foundation of the modern
automotive engine (Stone, 1999). This engine is known as the spark-ignition (SI) engine. Sir
Rudolf Diesel in 1892 developed the historical engine, which today is known as compression
ignition (CI) engine (Pulkrabek, 2003) having efficiency more than that of Sl engine. This heat
engine was developed based on the reversible cycles that were proposed by French Engineer
Sadi Carnot in 1824 (Sonntag and van Wylen, 1991).

In the generation of power from the patented CI engine, coal dust and later on coal gas were
used using the principle of dual fuel engine technology (Sahu, 2010). The earliest investigation
on DFM with hydrogen as the secondary fuel in a diesel engine was carried out by Cave in
1929, and Helmore and Sokes in 1930. In 1939, the National Gas and Qil Engine Co. developed
the first commercial DFM engine in Great Britain (Sahu, 2010). The production of DFM
engines was accelerated during the Second World War in Great Britain, Italy, and Germany
due to the lack of fossil oil. Concerning the detrimental impacts on the green environment on
the use of fossil oil and faster depletion and unbearable hiking of the prices of the fossil oils,
the implementation and evolution of the DFM engine after the Second World War were
hastened. In the recent times, the researchers throughout the globe have been trying to
implement the various renewable gaseous fuels such as biogas (Debnath, 2013; Bora, 2015),
hydrogen (Patro, 1994; Liu, 1995; Korakianitis et al., 2010; Kumar et al., 2018), and producer
gas (Dhole et al., 2014; Carlucci et al., 2017; Ramadhas et al., 2008). The others popular fuels
have been successfully implemented in DFM are natural gas (Corréa and Arbilla, 2005;
Korakianitis et al., 2011; Fu et al., 2018) and liquefied petroleum gas (LPG) (Selim, 2005;
Guan et al., 2017). In the DFM, the practices of using various renewable oxygenated liquid
fuels have also become popular to initiate the combustion as pure or blended with the fossil
diesel fuel. The promising liquid oxygenated fuels noticed to implement in DFM are biodiesel
(Barik and Sivalingam, 2014; Kalsi and Subramanian, 2017), alcohols (Kumar and Raj, 2013;
Pan et al., 2015; Senthilraja et al., 2016) and ether (Park et al., 2014; Wang et al., 2016; Barik
and Murugan, 2016).
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2.2 DFM Engine Working Principle and Modifications

In DFM, two different fuels having different phases (gas and liquid) and octane/cetane are
used. The gaseous fuels used generally have very high octane number and are called as the less
reactive fuels in terms of very high auto-ignition temperature in comparison to liquid fuels
having higher cetane number (Hwang et al., 2017). The gaseous fuel in DFM is inducted
through the intake port using a mixing chamber. The liquid fuel is injected over the inducted
compressed gas-air mixture. The temperature of the compressed gas-air mixture at top dead
center (TDC) reaches beyond the auto-ignition temperature of the liquid fuel. Again, this
sprayed liquid fuel is atomized and are floated over the entire mixture. Therefore, the atomized
droplets of liquid fuel instantly come at the gaseous state after immediate evaporation and then
burn rapidly. The flames originate from these individual atomized droplets and propagate
through the ignitable gas-air mixture. The power is thereby generated during the expansion
stroke. Consequently, the DFM engine behaves like an Sl engine during the induction of
gaseous fuel and due to the phenomena of flame propagation. Whereas, the injection of pilot
fuel and the start of combustion (SOC) of the pilot fuel in DFM is similar to the diesel engine.
The interchangeable operating mode of the engine from DFM to PDM is one of the stands out
feature of the DFM engine (Badr et al., 1999). The concept can substantially reduce the smoke
and NOx emission (Turner and Weaver, 1994). However, there is a performance penalty at part
loads as compared to higher one. It is associated with the lower liquid fuel consumption,
revealed by the higher specific energy consumption of gaseous fuel and appearance of higher
cycle-by-cycle variations. It arises due to the extinction of flame propagation through the gas-
air mixture (Elliot and Davis, 1951; Ding and Hill, 1986; Karim, 1987). These limitations can
be settled by controlling the fuel-air equivalence ratio, the preheating of the intake charge and

by reducing the engine speed (Karim, 1991).
2.3 Combustion Characteristics of the DFM Engine

Combustion is a crucial parameter for any heat engine that defines an efficient conversion of
chemical energy into thermal energy and corresponding high-grade (shaft) energy. The
combustion in PDM of diesel engine consists of four phases such as (i) ignition delay (ID), (ii)
premixed combustion phase, (iii) controlled (or normal) combustion phase, and (iv) diffusion
or late combustion (Fig. 2.1). The points of the start of injection (SOI), start of combustion
(SOC) and end of combustion (EOC) are denoted in Fig. 2.1.
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As illustrated in Fig. 2.2, the combustion in DFM consists of five phases, viz., (i) injected liquid

(pilot) fuel ignition delay (IDv), (it) liquid fuel premixed combustion phase, (iii) inducted
gaseous fuel ignition delay (IDg), (iv) gaseous fuel rapid combustion phase, and (v) diffusion

combustion phase. In DFM, two ignition delays and two start of combustion can be noticed

(Fig. 2.2). Consequently, the combustion in DFM is more parametric dependent than PDM.

Hence, the combustion in DFM is more complicated than the PDM.
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2.4 Prospects of Bio-liquid Fuels in DFM

It is a well-known fact that ethanol, butanol, and biodiesel are the clean, eco-friendly, non-
toxic, biodegradable, and oxygenated fuels. They have the ability to curtail the GHG emission
and can reduce dependency on the imported fossil diesel fuel (Yoon et al., 2009; Seung et al.,
2010; Tuccar et al., 2014; Roy et al., 2016). On the other hand, diethyl ether (DEE), despite of
its adverse effects on human health (Bailey et al., 1997), seems to be the most promising
renewable fuel to generate power from diesel engines (Rakopoulos et al., 2012). Thus, it is

essential to discuss the benefits of these renewable fuels and their scope in DFM.

As a fuel for diesel engines, biodiesel, ethanol, butanol, and DEE have some advantages and
disadvantages (Seung et al., 2010; Pidol et al., 2012; Zhu et al., 2013; Srihari, 2017). However,
the ternary blends of diesel-biodiesel-ethanol, diesel-biodiesel-butanol and diesel-biodiesel-
DEE exhibit some advantages over the individual fuels such as diesel, biodiesel, and ethanol
(Zhu et al., 2013; Hulwan et al., 2011; Pidol et al., 2012; Srihari, 2017). In this section, the
review study is confined solely to the use of ternary blends of diesel-biodiesel-

ethanol/butanol/DEE.

The comparative analysis of the usage and effects of various ternary blends in DFM engines is
presented in Table 2.1 (Hulwan et al., 2011; Park et al., 2012; Pidol et al., 2012; Lee et al.,
2012; Fangetal., 2013; Tuccar et al., 2014; De Oliveira et al., 2015; lbrahim, 2016; Roy, 2016;
Srihari, 2017; Venu and Madhavan, 2017; Emiroglua and Sen, 2018). The parameters
considered are ignition delay (ID), combustion duration (CD), cylinder peak pressure (CPP),
peak net heat release rate (P-NHRR), carbon monoxide, unburnt hydrocarbon (HC) and NOx.
It is observed that ID increases with the increase of ethanol percentage in the ternary blends
and reduces with the advancement of injection timing (IT). Both premixed CD and total CD
reduce with the addition of ethanol in the blends and with the advancement of IT. Mostly, the
CPP is found to increase with the increase of ethanol percentage in the blend and with the
advancement of IT, however, in some cases, the reverse trend is also observed. The P-NHRR
is found to increase with the increase of ethanol volume percentage in the blend, with load and
with the advancement of IT. In presence of ethanol in the blends, both CO and HC decrease at
higher loads and with the advancement of IT. In most cases, the NOx is found to decrease with

the addition of ethanol in the ternary blend, while it increases with the advancement of IT.
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Table 2.1 Combustion and emission characteristics of diesel engines with various ternary blends of diesel, biodiesel, and ethanol

: : Emissions
Investigato  gjonq (p:p:py  OPerating ID cD CPP P-NHRR
rs parameters CO HC NOXx
- m—
\with 1E% and mg Tflf with
10 rpm =1200 and rpm; Twith 11T; . lwith 7load and
70:10:20 ] . advanced and .
e 1600; Twith Total CD CPP advanced and cylinder . o).
Hulwanand = 50:20:30 load = 0.1-0.6 MP&;  tethanol% . A . . retarded upon . i lwith 1 E%;
. e =0.1-0. i () lwith TE%  retarded with TE% temperature; .
Joshi (2011)  50:10:40 _ . 11T even at t hich load 1 with 71T
Biodiesel: JOME IT=13,18,21 and Trpm and 11T and 11T relative to tethanol% Jat high loa
' CAD bTDC diesel fuel, n with TE%
respectivel relative to base
P y diesel
Not show clear . .
75:5:20 rpm = 1200; twith Premixed- trends, however, *bvivcttdhiesel and rl;:;g;gzn
e injection pressure = = fethanol% CD reduces NHRR with Lwith Tbiodiesel .
Park et al. 70:10:20 A - . with CA-50 that  of CA50 and
(2012) 60:20-20 120 MPa; and with the 1 with tE% and 1IT  blended fuels volume and at were lie in due to
L IT=30CAD advancing of  addition of are found to slight 11T
Biodiesel: SOME S L . between the ITs  prolonged
bTDC-TDC IT biodiesel similar or higher o
. 25-30° bTDC ID
than diesel
40(FT):40:20 40:40:20 and for ethanol blended = 40:40:20 and twith all twith all
Pidol et al 40:40:20 rpm/load (bar) = 40(FT):40:20 fuels (due to lower 40(FT):40:20 + blended fuels blended fuels Lwith
(2012) ' 40(FT):40:20 + 1500/3, 2500/6, +iso-pentane - cetane); Twith iso-pentane (more than (more than EGRY%
iso-pentane 4000/full load have the cetane enhancer display same 100%) 100%) 0
Biodiesel: RME maximum ID (iso-pentane) behaviors
rpm = 1500;
load = 90 N.m; . . o .
Lee et al 85:5:10 IT =0-12 CAD L‘:’dlﬂ; Ti% Total-CD 1Io‘rV;t|}rl1 Tleet}ilr?'r:()zlti/oﬂn 1;;::11010/ ng  Noticed similar  Found similar
' 70:10:20 bTDC i lwith ngte injecti 50 trends to that of ~ trends to that of ~ twith 1 E1%
(2012) o _ Lfor pilot but higher is noticed = found higher : :
55:15:30 IT=18-33 CAD M. tethanol% L . pure diesel pure diesel
bTDC (pilot injection with pilot injection than pure diesel
injection)
90:10:0 rpm=1450; twith |with tload,
80:10:10 load = 0.3-0.9 MPg; . Total-CD |with ethanol%; tethanol%; twith fload, due = 11T, |E%; .
(F;g&‘;t al 201020 IT (CAD, aTDC) = mﬁnow/ Iwith shifted to the right ~ shifted to the to tlocal @; Tdue to lower imt?é';
Biodiesel: -7.5-5; ’ tethanol%  side from the TDC right side from lwith 11T/ |E%  cylinder 0
WCOME EGR=30% the TDC temperature

1 indicates the increasing and advancement trends; | indicates the decreasing and retardation trends; E% = ethanol percentage, ® = equivalence ratio
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Table 2.1 Combustion and emission characteristics of diesel engines with various ternary blends of diesel, biodiesel, and ethanol (contd.)

. - Emissions
Investigators ~ Blends Operating CD CPP P-NHRR
parameters CO HC NOx
. . Found higher

Ticcaretal, | DS0:B20 pm varying twith rpm, |due with D80-B20
(2o14) D70:B20:BT:10  from1200t0 - - - 4 figetigabonedis o o

D60:B20:BT:20 2800 rpm o B0

- D93:B7:E0 rpm = 1800; . ; tlow-load; .
Ele (gé'l’se;ra ®  Dgs:B7:ES load varying O-  fwith 1E% TOFT}'I CEDO ’ TEVZ/“h floads and 1 VglthEI/l"ads Ihigher-load TL(?Wh'Oiié g Lwith tE%
: D83:B7:E10 37 kW Aith 1SARRNIE® and TR (10% -ethanoly  +Tieher
D50:B50 Maximum found Slightly 1 due

Ibrahim (2016)

Roy (2016)

Srihari (2017)

Venu and
Madhavan
(2017)

Emiroglua and
Sen (2018)

D45:B45:BT10
D40:B40:BT20
D80:B20,
D50:B50, B100;
Added 5 and 10
vol.% of E and
DEE to each
blends prepare
the new blends

D75:B20:DEE5
D70:B20:DEE10
D70:B20:DEE15

D40:B40:E20
D40:B40:M20

Make new blends

by adding DEE5
and 10 with each
of the blends

D80:B20:BT10
D80:B20:E10
D80:B20:M10

rpm = 1500,
torque varying

rpm varying
from 800 to
1200 rpm

rpm = 2000;
load varying
from 0-14 N.m

rpm = 1500,
load varying
from 0%, 25%
to 100%

rpm = 1500;
load varying
0.09-0.36 MPa

| due to DEE

The lower ID
found with
DEES5 with
ethanol

lwith increasing
loads and found
lower with E10

1 with tloads

1 with floads,
lwith 1 of
DEE vol.%
due to
improve
combustion

1 with tloads,
noticed lower
with BT10

Found maximum
with DEE15

At all load found
higher with DEE5
and at 100% load
the variations
noticed lower
with DEE

1 with Tloads,
E10< BT10

with BT10 and
B100

Similar trends as
CPP were also
observed with
peak NHRR

1 with floads,
peaks are more
or less similar

Noticed lower
CO with ethanol
except E15 than
DEE

At higher load
lower emission
noticed with
DEE than PDM
At 80% load
minimum CO
emission was
found for all
fuels, Ethanol
blend and DEE5
produced lower
emission

Found higher at
maximum load,
E10< BT10

Found lower
emission with
ethanol than
DEE (highly
volatile)

Lower
emission
achieved with
DEE10 and 15

Lower
emission
observed with
diesel fuel and
DEES5 with
methanol at all
loads

Slightly 1 with
1 load,
E10> BT10

to “B” and
“BT”

Lower
emission is
observed

with 1 DEE
vol.%

Lower
emission
found with
methanol-
DEES5 and
higher with
ethanol-DEE5

1 with floads,
E10>BT10

1 and | indicate increasing and decreasing trends respectively; E = ethanol; DEE = diethyl ether, B = biodiesel; M = methanol
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The higher ID in presence of ethanol in the blend may allow to occurr the proper mixing of
fuel and air with the increased negative work ( Caton et al., 2011; Park et al., 2012). The most
interesting matter with the use of ethanol is that it reduces the total CD with respect to PDM as
discussed above. The shorter total CD means, the higher utilization of the mean effective
pressure developed inside the combustion chamber and lower probability to waste the energy
into the dead state (Hagen et al., 2013). Besides, CO and HC are found to reduce with the
diesel-biodiesel-ethanol (D-B-E) blends with the penalty of a little higher NOx emission. In
addition, many investigations demonstrate a reduction of smoke emission with the use of
ethanol and biodiesel (Yoon et al., 2009; Khoobbakht et al., 2016; Zaharin et al., 2017; Geo et
al., 2017).

Butanol (BT) has the higher calorific value, higher viscosity, and lower heat of vaporization
than ethanol. It has also some attractive fuel characteristics like higher energy density than any
alcohols. Butanol is biological, miscible with the petroleum oil, and can be used in engines
without modification. Besides, DEE as the fuel additives has become attractive to the
researchers working on a diesel engine, having a very high cetane number (>125). Therefore,
it can be used as the ignition improver. Consequently, the DEE has the promising prospects for
its use with less reactive gaseous fuel in DFM. It also has the reasonable energy density, high
oxygen content, low self-ignition temperature, wide flammability limits, and high miscibility
with diesel fuel. Most of the researchers observed competitive engine performance
(Rakopoulos, 2013; Ticcar et al., 2014; Roy, 2016; Venu and Madhavan, 2017), combustion
(Rakopoulos, 2013; Venu and Madhavan, 2017) and emission (Rakopoulos, 2013; Tlccar et
al., 2014; Roy, 2016; Venu and Madhavan, 2017) with the use of these fuels blended with
diesel and biodiesel in comparison to PDM. As evident from the above discussion, the ternary
blends (Diesel-Biodiesel — Ethanol/Butanol/DEE) can be efficiently used in the dual fuel diesel
engines. Hence, there is a great possibility to use the maximum amount of renewable fuels and

to replace a higher quantity of petrodiesel fuel.
2.5 Biogas as Fuel in DFM

Biogas, the cheapest renewable fuel, can be produced from almost all types of biological
feedstocks by anaerobic digestion. Therefore, the availability of ample raw materials, lower
cost of production, biogas has become the promising fuel over the gaseous fuels available in
the open market. The most promising features of biogas are that it is carbon neutral in nature
and easy to transport. However, the compositions of biogas are varied depending upon the

anaerobic reaction.
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Table 2.2 Composition of biogas with trace elements

- —

Researchers Major composition (%ovol.) Trace composition (%vol.)
CHg4 CO;

Huang and Crookes (1998) 50-70 25-50 N2 (0.3-3), H (1-5), identified

H>S as remain trace element
Hagen et al. (2001), Krich et al.
(2005), Persson and Wellinger

(2006), Wellinger and Lindberg

N2 (0-2), H2S (0.005-0.2), H20
40-75 15-60 (5-10), siloxane (0-0.02) NH3
(<1), CO (0-1) Oz (0-2).

(2010),
Rahmouni et al. (2002), Bahman et
al. (2007), Duc and Wattanavichien ~ 30-73 19-40 HZS(S(?()O), ':12) (1-3), 02 (0-5),
(2007), Maji et al. (2008) 2> (£0pp

) i N2 (0-3), H2 (0-1), O2 (0-2),
Balat and Balat (2009) 55-65 35-45 H.S (0-1), NH3 (0-1)
Papadias and Ahmed (2012) Siloxanes-D4, Siloxanes-D5, Siloxanes-L2

2.5.1 Biogas Major Compositions and Trace Elements

Anaerobic micro-bacterial biological digestion of the raw materials has responsible to engender
of different composition of biogas. Methane (CH4) and carbon dioxide (CO2) are the major
components and some other trace components present in biogas are portrayed in Table 2.2. The

adverse effects of some trace elements present in biogas are presented in Table 2.3.

Table 2.3 Biogas impurities and their consequences (Ryckebosch et al. 2010)

Impurity Possible impact

Water Corrosion in compressors, gas_storage tanks and engines due to reaction with
H.S, NHz, and CO, to form acids

Dust Clogging due to deposition in compressors, gas storage tanks
Corrosion in compressors, gas storage tanks, and engines, the toxic (H-S)

H.S concentrations (> 5 cm®m-®) remain in the biogas, SO, and SOs are formed due
to combustion, which are more toxic than H2S and causes corrosion with water

CO; Low calorific value behave as an ignition inhibitor

Formation of SiO, and microcrystalline quartz due to combustion; deposition on

Siloxanes spark plugs, valves and cylinder heads abrading the surface

2.5.2 Biogas Physical Properties

The physical and chemical properties of any fuel define its usability. The physical properties
of biogas such as auto-ignition temperature, octane number, and significant magnitude of
heating value reveal that the fuel is appropriate for both Sl and CI engines in DFM (Table 2.4).
However, it has some disadvantages as a fuel for DFM engine (Table 2.3). Nevertheless, the
quality of biogas composition can be improved with the improvement of anaerobic reactions
of the raw material from which biogas are usually generated.
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2.6 Biogas Run DFM Engine: Analysis of Parameters

In this section, the performance of biogas run DFM engines is analyzed in the light of reported
parametric studies. The discussion of biogas as a fuel for DFM engine has also been made.
Further, the possibility of using liquid ternary blends (Diesel-Biodiesel-Ethanol/Butanol/DEE)
in DFM engines is also addressed. Ternary blends are considered in the present literature survey
to apprehend the maximum usability of the renewable fuels in DFM.

2.6.1 Performance Analysis

The parameters considered are the biogas flow rate (BFR), liquid fuel replacement (LFR),
brake thermal efficiency (BTE) and fuel energy share.

2.6.2 Variations of BFR and LFR

The BFR and LFR characteristics of the DFM engine as a function of load, IT, and CR are
represented in Fig. 2.3. Bora and Saha (2016a) have observed that at a certain load, the BFR
decreases with the increase of CR and with the advancement of IT. The overall reduction of
24.81% of BFR upon increase of CR from 16 to 18 was noticed. Although, in this reduction of
BFR, the IT was not addressed. Similarly, upon advancement of IT from 26 to 32 CAD bTDC,
there was a reduction of BFR by 8.84%, 6.21%, 2.9%, and 4.25% at the CR of 18, 17.5, 17,
and 16, respectively. The trend of LFR was noticed to be similar to that of BFR. At the CR =
18, load = 100% (= 4.24 bar), the investigators found the maximum LFR of 83.17%, 82.67%
and 79.32% at the ITs of 26, 29 and 32 CAD bTDC, respectively. The experiments were
performed at the BFR in which misfire sound appeared. As a result, the engine consumed a
higher amount of biogas (approximately, 1.8 kg/h<BFR<3 kg/h). Almost similar results were
reported by other investigators (Bora et al., 2014; Debnath et al., 2014a; Verma et al., 2014;
Bora and Saha, 2015a; Bora and Saha, 2015b; Bora and Saha, 2016b; Bora and Saha, 2017)
where different biodiesels (Bora and Saha, 2015b) and emulsified biodiesel (Debnath et al.,
2014a; Bora and Saha, 2015a) as the pilot fuels had been used.

Verma et al. (2017a) conducted DFM experiments with varying composition of biogas
(comprising 93%, 84%, and 75% of CH4 by volume respectively). The consumptions of biogas
(approximately, 0.54 kg/h<BFR<1.69 kg/h) were confined at a point where misfire was noticed
to achieve maximum substitution (approximately, at zero load = 88% >substitution> at
maximum load = 65%) of diesel fuel as portrayed in Fig. 2.3(d). They achieved the reverse
trends of diesel substitution (Fig. 2.5c). Barik and Murugan (2014) conducted a series of
experiments using raw biogas for different BFR (0.3-1.2 kg/h) and loads and optimized the
BFR at 0.9 kg/h.
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Table 2.4 Physical Properties of Biogas Found in Recent Study

Properties of biogas used in the study

Composition vol.%

Lower

Auto-

. . . Flame Flammability = Density Lo Lower
Investigators o hefltlng A/F _rarl]t_lo _ speed  limit (vol.% (kg/m?) Metrtljane Octage ignition Wobbe index
CHs(%) o value (Stoichiometric) (m/s) in air) (1 atm) number number temperature (KW h/m*N)
(%) (MJ/Kg) 9
Sita (2001), 30 70 6.70 2.30 - - ) . - - -
Bedoya et al. 40 60 9.80 3.30
(2009), ' ' - - ) j ] ) )
Nathan et al. 50.57 4150 13.30- 15008 0.5 7.50 (Leaner), 1.2 \ 130 650 i
(2010), 17.22 ' ' ' 14 (Richer) (15°C)
1.2

Bedoya et 60 40  17-23.73 5.70-6.08 0.25 7.50-14 ) 130-160  130-160 650 6.16
al.(2012), (15°C)
Bedoya et al. 70 30 23 7.90 - - - - L - -
(2013),

. 73 27 25.14 8.54 - - - - - - -
Maizonnasse et
al. (2013) 80 20 29.60 10.10 | - . - - ] )
Duc and T
Wattanavichien 73 19 26.17 17.23 - - (6 Q) - - - -
(2007)
Rahmouni et al.
(2002), Bahman 05\
et al. (2007), 30-73 20-40 26.17 17.20 - - 0 o1 130 632-813 -
Maji et al. '
(2008),
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Fig. 2.3 Variation of fuel flow rates with engine load:
(a)-(c) Boraand Saha (2016a), (d) Verma et al. (2017a)

2.6.3 Characteristics of BTE

The BTE (instead of BSFC and BSEC) is considered in the following discussion, as in physical
sense and by definition, the parameters BSFC and BSEC both are similar and inversely
proportional to BTE. The characteristics of BTE in the biogas run DFM engine is shown in
Fig. 2.4. Researchers, in general, have noticed lower BTEs in biogas run DFM engine as
compared to pure diesel mode (PDM). Bora and Saha (2016a) have studied the performance of
a DFM engine at various ITs (26-32 CAD bTDC) and CRs (16 to 18) as portrayed in Fig. 2.4
using diesel as the pilot fuel. The BTE is found to increase with the increase of CR and it
improved significantly with the advancement of IT from 26 to 29 CAD bTDC. The maximum
BTE was achieved at IT =29 CAD bTDC and CR = 18. At this setting, the BTE was found to
be 25.44%, which is 12.17% and 10.32% higher in contrast to the I1Ts of 26 and 32 CAD bTDC.
However, Bora and Saha (2017) found maximum efficiency at the IT =32 CAD bTDC and CR
= 18 with rice-bran biodiesel. Similar investigations have also been reported (Bora et al., 2014,
Bora and Saha, 2015b; Bora and Saha, 2016b; Bora and Saha, 2016¢). These investigators have
used diesel and different biodiesel as the pilot fuels. The lower BTE in biogas run DFM engine
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is attributed to the lower calorific value of biogas, residuals in biogas, lower combustion
temperature, low flame speed, higher total fuel consumption, and enhancement of negative
work due to induction of large volume of biogas. However, the investigators have used a
naturally aspirated engine, hence, for a particular load, the induction of total volume (biogas-

air mixture) remained the same, thereby keeping the negative work (compression) intact.
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Fig. 2.4 Variations of BTE with load: (a)-(c) Bora and Saha (2016a), (d) Barik and Murugan (2016)

Debnath et al. (2014a) conducted the experiments (CR = 17.5 and IT =23 CAD bTDC) using
biogas as the primary and palm oil biodiesel-water emulsion as the pilot fuels. They noticed a
25% lower BTE in DFM as compared to PDM. However, they achieved 41% higher BTE in
DFM than that obtained (uses jatropha oil methyl easter biodiesel as the pilot fuel) by Sahoo et
al. (2012a). Similar experiments at different CRs (17, 17.5, and 18) and ITs (26-32 CAD
bTDC) have been conducted by Bora and Saha (2015a) using water-rice-bran biodiesel
emulsion as the pilot fuel. The maximum BTE was estimated at 23.62% at the CR =18 and IT
=29 CAD bTDC. They explained the phenomena of micro-explosion as an efficient technique
to improve the combustion strategy of the DFM engine. However, the BTE obtained in this
study with emulsified fuel is found sufficiently lower in comparison to reported study (Bora
and Saha, 2016a).
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Barik and Murugan (2014, 2016) conducted experiments at various BFRs and ITs as seen in
Fig 2.4 (d). They observed that the BTE decreases with the increase of BFR. However, the
reverse trend of BTE was found with the advancement of IT. The maximum BTE was observed
at IT =26 CAD bTDC. At the standard IT = 23 CAD bTDC and at BFR = 0.3, 0.9 and 1.2
ka/h, the BTEs were estimated as 28.2%, 24.1 and 21.1%, respectively. At IT=26 CAD bTDC
and at BFR = 0.9 kg/h, the BTE was found to be 28.1%. It was inferred that the greater
vaporization of pilot fuel and the improved inducted fuel-air mixture at advanced IT helps to
raise the BTE. The comparative discussion of different performance parameters is presented in
Tables 2.5 and 2.6 (Poonia et al. 1999, Abd-Allaet al., 2001; Masahiro et al., 2003; Wannatong
et al., 2007; Papagiannakis and Hountalas, 2009; Paykani et al., 2012; Kumar and Raj, 2013;
Papagiannakis, 2013; Pan et al., 2015).

2.6.4 Fuels Energy Share

The properties of liquid and gaseous fuels in DFM are different, and thus the proportion of
individual energy share needs to be analyzed. The energy share is defined as the ratio of energy
available in a particular fuel to the energy available in the total fuel consumed (Barik and
Murugan, 2014; Kalsi and Subramanian, 2017). The variation of energy shares in different

engine operating states is portrayed in Fig. 2.5.

Barik and Murugan (2016) conducted investigations at different ITs of a biogas run DFM
engine as represented in Fig. 2.5. They set the BFR at 0.9 kg/h. Hence, at higher loads, the
higher energy share was noticed with diesel fuel. However, at the advanced IT, the energy share
of biogas was found to increase. The reason addressed was the early start of combustion at the
advanced IT. Although, at 100% load and at IT of 27.5 CAD bTDC, the biogas energy share
was found to decrease due to this prolong IT that reduced the in-cylinder air temperature.
Consequently, a comparatively less fuel was burned at this IT relative to the ITs of 24.5 and 26
CAD bTDC, although there were the higher diesel fuel consumption and the corresponding
higher cumulative LHV of the accumulated fuels.

Vermaet al. (2017a) carried out the experiments with synthetic biogas with increasing methane
percentage in the compositions (Fig. 2.5c). They observed an increase in diesel substitution
with the increasing amount of methane in the biogas composition. Here, DS:BG93 (Fig. 2.5¢)
means diesel was used as the pilot fuel with 93% methane in biogas as the primary fuel. Hence,
the study demonstrated that the diesel substitution and the energy share could be increased
using biogas (as primary fuel) having higher methane quantity.
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Fig. 2.5 Characteristics fuel energy share at different engine operating
states: (a-b) Barik and Murugan (2016), (c) Verma et al. (2017a)

2.6.5 Fuel Conversion Efficiency

The parameter, fuel conversion efficiency (FCE) has a crucial influence on the engine
performance and combustion. Krishnan (2001) and Krishnan et al. (2002) carried out extensive
experimental investigations on the use of natural gas (NG) in a dual fuel diesel engine under
various parametric conditions (Figs. 2.6 through 2.8) to study the characteristics of various
dependent parameters including FCE and BSEC. In their study, the engine baseline conditions
were set at medium engine speed, half load, and turbocharger intake and exhaust pressures at
1700 rpm, 21 kKW, 181 kPa, and 171 kPa, respectively. It was observed in DFM that the higher
consumption of NG increased the BSEC, reduced the FCE (Fig. 2.6) along with longer the 1D
(Fig. 2.9). However, at the same baseline condition, they found a remarkable increment of FCE
and the reduction of BSEC with the enhancement of @genar (Fig. 2.7). Nevertheless, the

enhancement of NG% in air-stream enhanced the corresponding @gioba. At the maximum
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Dgiobal OF 0.5, the efficiency was found even more than PDM. Further, the naturally aspirated
engine in DFM was found to be more advantaegeous than the turbocharged DFM. On the other
hand, with the increase of intake air temperature, there was a considerable increase of FCE and

a considerable reduction of BSEC, respectively, (Fig. 2.8).
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Fig. 2.8 FCE and BSEC versus intake manifold temperature at half load = 21 kW;
Parameters considered: Turbocharger intake pressure (Pin) = 181 kPa, Intake
temperature (Tin) = 75°C, Speed = 1700 rpm, half load = 21 kW, Turbocharger
exhaust pressure (Pex) = 171 kPa (Krishnan 2001, and Krishnan et al., 2002)

Krishnan (2005) carried out experimental and theoretical investigations considering wide
variations of injection timings (1Ts), intake charge preheating temeperature (Tin), and pilot fuels
quantity (Qinj) in a turburcharged advanced low-pilot-ignited natural gas (ALPING) engine.
The ITs considered were 15, 20, 25, 30, 35, 40, 45, 50, 55 and 60 CAD, bTDC. At each of the
IT, the Tin of 35 and 75°C at the loads of 42 kW (full load) and 21 kW (half load) were
considered, respectively. The Qinj for both of the loads were kept constant at 3.3 g/min. In this
study, the turbocharger intake pressure (Pin)/exit pressure (Pex) at the loads of 21 kW and 42
kW were set at 1.84 bar/1.71 bar and 2.02 bar/1.91 bar, respectively. The trends of the FCE
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and BSEC were found to be different with the advancement of ITs (Fig. 2.9). At full load, the
FCE was found to increase with the advancement of IT from 15 to 45 CAD bTDC and upon
further advancement, it was found to reduce until reaching the IT at 60 CAD bTDC. In PDM
(baseline test), the FCE was estimated to be 41.3%. The reference IT in PDM was fixed at 22
CAD bTDC. At a particular load, the character of FCE was analyzed as a function of start of
heat release, magnitude of peak heat relase rate, phasing of heat release relative to TDC and
the duration of heat release. Consequently, several heat release patterns were obtained for the
same power output; however, the FCE were found to be different at each of the heat release
pattern. Krishnan (2005) opined that for a certain amount of fuel, a relatively higher amount of
work could be extracted during the expansion process when there were higher realease of heat
and shorter durartion of heat release and the heat release phasing was nearer to TDC. Therefore,
at a particular load and engine speed, the investigator achieved a higher FCE at advanced and

upto some particular range of ITs.
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Fig. 2.9 Fuel conversion efficiency and brake specific energy consumption (BSEC)
versus injection timing, speed = 1700 rpm, Qinj = 3.3 g/min (Krishnan 2005)

At the half load, the FCE was found to increase from 27 to 32% upon advancing the IT from
20 to 50 CAD bTDC. It indicated that the increment of FCE was depicted at slightly higher
advancement of IT relative to the case with full load. In the later stage of advancement of ITs,
there was less reduction of FCE as compared to that of full load. The shifting of heat release
phasing close to the TDC was stated as the physical reason behind this result. The BSEC was
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noticed to have an opposite trend. Similar study was also conducted by Sing et al. (2004). They
found a higher FCE at the higher pilot fuel quantity at all 1Ts. However, the significant
increment of FCE was noticed beyond the advanced IT of 40 CAD bTDC due to the increment
of the number of ignition centres attributed to the higher burning rates.

Srinivasan et al. (2006) studied the effects of pilot fuel quantity, intake charge preheating
temperature, and injection timing (20-60 CAD bTDC) on a turburcharged ALPING engine.
The engine was operated at constant speed of 1700 rpm and at engine quarter and half (21 kW)
loads. They noticed an excellent NOx-efficiency trade-offs at the advanced ITs of 55 and 60
CAD bTDC at the corresponding quarter and half loads, respectively. At these advanced ITs,
the FCEs were found to be increased with the enhancement of Tin and pilot fuel quantity (Qinj).
However, there was a significant increase of FCE with enhancement of Tin relative to Qinj. The
physical reasons are already discussed above.

2.7 Combustion Analysis

In this section, the effects of ID, engine-cylinder pressure history, NHRR, CD, and CMGT are
analyzed for the DFM engine run with biogas and with various oxygenated liquid fuels.

2.7.1 Variation of ID

The ID defines the point of ignition (POI) of fuel on the crank angle scale after the injection of
the high cetane liquid fuel into the combustion chamber. The parameters that are allied with
the ID are fuel characteristics, fuel-air equivalence ratio, engine speed, spray characteristics,
states of the intake charge, IT, CR, and the cylinder pressure (Park et al., 2011; Satyanarayana
and Muraleedharan, 2011; Mustafi et al., 2013). In a DFM, multi-phase fuels having different
physical and chemical characteristics are used. Hence, the study of ID in DFM is important.

The variation of ID in the biogas run DFM engine is depicted in Fig. 2.10. Bora and Saha
(2016a) investigated the effect of different CRs and ITs on ID using a very high BFR (Fig.
2.10a through 2.10c). They found a decrease of ID with the increase of loads and CRs.
However, ID was found to increase with the advancement of ITs. It was found to be increased
by 8.52% while advancing the IT from 26 to 32 CAD bTDC, whereas, it was noticed to be
reduced by 8.2% while increasing the CRs from 16 to 18. Large BFR and higher heat capacity
of biogas lowered the in-cylinder temperature causing this prolonged ID in DFM as compared
to PDM. The reduction of ID at higher CR was due to the enhancement of biogas mixture
temperature that accelerated the pre-ignition reaction. Further, the higher ID at advanced IT
was due to the reduction of temperature of the inducted biogas-air mixture.
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Table 2.5 Performance characteristics of biogas DFM engines

Investigators Operating parameters Liquid Fuel BFR BSFC BTE LFR BES
Diesel
Duc and rpm = 1000-2400; load = part and - - ; . |with 7load; .
Wattanavichien (2007)  full E)%rrltr?g?c;s) at Lwith frpm twith frpm and tload twith Trpm twith tload
Water . .
rpm = 1500; Y N iy . lwith  tload; ) ) . twith Tload;
Debnath et al. (20142) ~ IT=23 CADbTDC, CR=17.5; load 0 icdiese! SL72.2K0M0 pcerved lower  1With Tload: observed higher ) pp_gggmayi -
= 0-3.65 kW; at misfire erflsigy Jp'™ Tlozd with WIP kb ¥ mum noticed
B : (WIP)
rpm = 1500; load=20%-100% .
] . th  ftload and 1CR; .
IT = 23 CAD bTDC; . twith tload; |with  fload WU . “ee  twith f(load, IT
Bora et al. (2014) CR = 16, 17, 17.5 and 18: at Diesel Lwith 1CR and CR maximum of 20.04% at CR=18 and CR)
misfire was achieved
- = = 0, =
Barik and Murugan rpm = 1500; Diesel as the 8'2)1'2 B lwith tload, /1At2II(<)a;jh Eli(')I'OE/:OZSB :F;n H ng f;;j twith 1BFR; twith 1BFR;
(2014) load = 0% -100% (step =25%); pilot fuel kg h twith 1BFR re'spe%ﬂ\'/ely ' =% |with fload | with 1 load
Verma et al. (2014) Eg’agridz"’gﬁ/‘:f(')%go/a: M = 15000 piecel twith load |with tload gf;ggs fload and scrubbed (4 410aq -
rpm = 1500; Water rice  Twith Tload,; twith Tload, 1CR and 1IT up to
Bora and Saha, load=20%-100% bran biodiesel ~|with 1(CR and 29° bTDC; at 100% load and at =~ twith tload, 1IT
(2015a) IT =23-32 CAD bTDC; emulsion IT); varies from this IT maximum BTE of and{CR
CR =17, 17.5 and 18; at misfire (WIP) ~2.2-2.9 kg/h 23.62% was found
rpm = 1500; . ) .
l0ad=20%-100% Different i g . [ 1O .
Bora and Saha (2015b) IT = 23 CAD bTDC: biodiesels varies from =2.3- |with fload at 100% load maximum BTE of = fwith fload -
CR_= 175 at misfiré 3 kg/h 19.97% was found with RBME
rpm = 1500; load=20%-100% twith tload: twith fload, 1CR and 11T up to
Bora and Saha (2016a) IT =26-32 CAD bTDC; Diesel ith CR’ ond | - 29° bTDC; at 100% load and at  fwith fload, 1IT
CR = 16, 17, 175 and 18; at #;le T this IT maximum BTE of and{CR
misfire 25.44% was found
rpm = 1500;
Barik and Murugan load = 0-100%; Diesel as the lwith 1 load : i |with 1 load;
(2016) IT=23 - 27.5 CAD bTDC (step = pilot fuel 9ol and IT 1 it tbad and 11T twith 11T
1.5 CAD)
_ . - . 1 with fload and 1IT; tby 7.2
. rpm = 1500; Biodiesel lwith tload O itk 50, o
Zaorfg:)”d Murugan — piodiesel IT = 23 and 245 CAD  (pilot): 0.9 kg/h and 11T: | up to f:sd Scfi’v"e‘)’l'th 2/‘; ;’:}d :’r(f; DEtEO' - -
bTDC; DEE port injection DEE (port) 4% DEE P Y P

biodiesel DFM

BES = Biogas Energy share, 1 indicates the increasing and advancement trends; | indicates the decreasing and retardation trends
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Table 2.6 Performance of DFM engines with various gaseous fuels at various ICT

Fuels

Investigators Operating parameters (Pilot/Primary) ICT (°C) BTE PP NHRR CcoO HC NOx
. . Twith lwith
rpm = 1500; load = 20-100%; Diesel (with l(drastic) with
) . ] { TICT and 1ICT and
Poonia etal. (1999) IT= 24 CAD bTDC (diesel) varying quantity)/ 34-70 . twith 1ICT twith 1ICT Tpilot quantity and " -
1lot 1lot
and 27.4 CAD bTDC (DFM) LPG fp . Islightly with 1ICT fp .
quantity quantity
rpm = 1000; . ) )
Abd-Alla et al. Diesel/gas 28, 45 and lwith twith
CR=21; . - - - lwith 1ICT
(2001) mixture 65 TCT TICT
IT=25CADbTDC
rpm = 1700;
. ] lwith Twith
Ishida (2003) load = 0.33 MPa and 0.66 Diesel/ CNG - - twith 1ICT -
1ICT 1ICT
MPa
rpm = 1200-2800; .
Wannatong (2007) Diesel/ CNG 50-100 - twith 1ICT twith 1ICT - - -
IT=8,17,34
Papagiannakis et al.  load = 40% and 80%; . 47, 67, 87, lwith 1ICT, fload twith
Diesel/NG - twith 7ICT twith 11CT -
(2009) IT =14 and 16 CAD bTDC 107 and tIT 11ICT
CR=175;
. ) twith lwith twith
Paykani et al. (2012) IT =20 CAD bTDC Diesel/ CNG 100-167 - - lwith 1ICT
) 1ICT 1ICT 1ICT
varying EGR
Kumar and Raj rpm = 1500; Biodiesel ethanol twith 11T and fwith {IT and lwith Twith
. 40and 60 - lwith 1ICT
(2013) varying IT blend TICT TICT TICT TICT
Papagiannakis load = 40% and 80%; { 50, 65 and = twith twith
Diesel/NG twith 7ICT twith 7ICT Jwith 7ICT -
(2013) IT =14 and 16 CAD bTDC 80 1ICT TICT
. L twith 7ICT, and fwith  7ICT,
rpm = 1500; Diesel/port fuel is = 20, 40, 60, / . lwith twith
Pan et al. (2015) - shifted towards shifted lwith 1ICT
IT=2CAD bTDC; methanol 70 and 80 TICT TICT
TDC towards TDC
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Fig. 2.10 Characteristics of I1D: (a)-(c) Bora and Saha (2016a), (d) Barik and Murugan
(2014), (e) COV of indicated mean effective pressure,and apparent ignition delay versus
percentage energy substituted by natural gas (Krishnan 2001 and Krishnan et al., 2002)

Barik and Murugan (2014) while conducting investigations at standard IT =23° bTDC and CR

= 17.5 (Fig. 2.10d) observed a reduction of ID with the increase of loads. The ID estimated

was found substantially lower in comparison to earlier reported data (Bora and Saha 2016a).

The lower BFR was attributed as the physical reason behind it. At the optimized BFR = 0.9
kg/h, Barik and Murugan (2016) tested the DFM engine by advancing ITs, where a higher ID
was observed. At 100% load and at IT= 24.5, 26, and 27.5, the IDs were estimated as 12.4,
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12.7, and 13.6 CAD. Whereas, in PDM, it was calculated to be 11.8 CAD. The reduction of
gas mixture temperature (at an advanced IT) and the deficiency of oxygen molecule (in the
presence of biogas) that altered the nature of pre-ignition reaction of the gas mixture were
signified as the main physical reasons behind the higher ID in DFM.

Krishnan (2001) and Krishnan et al. (2002) observed an enhacement of apparent ignition delay
with the increment of percentage of NG energy in DFM (Fig. 2.10e). The reason behind this
result was attributed to the progressively slower burning rates with increasing percentage of
NG energy share that enhanced the ignition delay. It was also observed that higher energy share

of NG enhanced the coefficient of cyclic variation (COV) remarkably (Fig. 2.10e).

18 7 Hallload = 21.0 kW, Tin = 75°C [ Full load = 42.0 kW, Tin = 35°C [~ 1.0
16 —m— COV (T, =35°C)
: —— COV (T, =75°C) 0.9
14 < =D (T, = 35°C) .
~ 1 . aio fam)
SPE —ID (T, = 75°C) Z Eos
=7 d - @;.:f'ohal (T[n = 350C) ) 8
i 9 di > ~
E IO E \ ¢5’f0bﬂl (Tin i 75 C) % 0.7 §
. o
: ] ] = S
o ] =
> 2 Loe
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SR en
] o]
4_: 0.5
: L . .
0 3
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Injection Timing (CAD)
Fig. 2.11 Coefficient of variation of IMEP, ID (calculated from the onset of heat release), and overall
equivalence ratio versus injection timing, speed = 1700 rpm, Qir = 3.3 g¢/min (Krishnan 2005)

In a separate study, Krishnan (2005) observed that the low pilot ignited NG dual fuel engine
exihibited cycle-by-cycle variations. He made a graphical relations among the parameters viz.,
coefficient of cyclic variations of indicated mean effective pressure (COV of IMEP), ID, and
Dgioval (Fig. 2.11). The engine was operated at different ITs, two Tin and two loads as indicated
in Fig. 2.11. In the analysis of COV, a total of 150 successive engine cycles were consiederd.
The Dgiobar Was limited to a maximum of 0.6. The lower and minor variations of COVs were
noticed within the range of ITs of 30 to 50 CAD bTDC. The major reason of higher COV was

stated to the inconsistencies in ignition or combustion phasing relative to TDC. The IDs within
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the range of I1Ts of 30 to 50 CAD bTDC were observed to have a long enough delay period for
the preparation of acceptable mixing of pilot and primary fuels and air prior to the start of
ignition and this enhanced the probability of the repeatiablity from one operating cycle to the
next one. However, beyond this range of IT (at advanced or retarded condtion), the variations
in ignition or combustion phasing were found to be higher with the consequence of higher
Cov.

Srinivasan et al. (2006) noticed that the COV increased with the enhancement of pilot fuel
quantity and reduced considerably with the enhancement of intake air tempereature in DFM.
The experiments were conducted at the advanced IT of 60 CAD bTDC. However, the COV
was found to be reduced to some extent with the increase of load. At increasing pilot quantity
and therefore the higher rail pressure, the penetration was indicated to be higher. Hence, some
quantity of pilot fuel in some cycles might reach the boundary layers or cooler areas that caused
higher variations in ignition and combustion phasing. Thus, with higher pilot quantity, the
investigator noticed a higher COV. However, with the intake charge preheating, the ignition
was noticed to be advanced leading to faster and more repeatable origination of flame. On the
other hand, the avaregae combustion phasing (CA50) was noticed to be advanced (closer to
TDC) by 10 CAD, indicating a greater fraction of energy release near to TDC. This revealed a
higher FCE and a lower COV. In this investigation, at half load (21 kW), 7% reduction of COV
was estimated upon enhancement of intake charge temperature from 75 to 105°C.

2.7.2 Cylinder Pressure History

The cylinder pressure history is crucial to study the ID, NHRR, combustion phasing, cyclic
variations of the engine, cylinder mean gas temperature (CMGT), combustion duration (CD)
and the position of the peak pressure relative to the crank angle. In DFM, the probability of
cyclic variation is more in comparison to PDM as higher-octane fuels are used in the former.
The higher amount of gaseous fuel consumption, therefore, can lead to faster flame propagation
thereby reducing the combustion duration with the penalty of undesirable cyclic variations.
However, higher consumption of raw biogas that has the CO> (as the major component) can
extinct the flame front.

The characteristics of the pressure history of biogas run DFM engine is shown in Fig. 2.12.
Bora and Saha (2016a) discussed the in-cylinder pressure variation with engine crank angle at
different CRs and ITs (Fig 2.12a and 2.12b). They observed a shifting of crank angle position
of the cylinder peak pressure (CPP) towards TDC with the increase of CR and IT. At the IT =
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26 CAD and BMEP = 4.24 bar, the relative crank angle position of CPP was found to be 10, 9,
8 and 8 CAD aTDCs at the CRs of 16, 17, 17.5 and 18, respectively. At these CRs and applied
loads, the position of CPP was observed at 9, 9, 8 and 8 CAD aTDC at IT =29 CAD bTDC
and 8, 8, 7and 6 CAD aTDC at IT = 32 CAD bTDC, respectively. The study demonstrated a
pronounced effect of IT in comparison to the shifting the CPP towards TDC with the
enhancement of CR. However, in the previous analysis (Bora and Saha 2017), a higher 1Ds
was estimated at the advanced ITs in comparison to the ones that obtained by increasing the
CRs. Moreover, the IDs were estimated relative to the static injection timing (SIT = 23 CAD
bTDC). Thus, in this context, the shifting of CPPs with CRs should be more in comparison to
ITs. The analysis of the combustion phasing can be used as the tool to clarify this conflict.
Later experiments with emulsified fuels (Bora and Saha 2015a) demonstrated similar trends of
cylinder pressure history. In general, a significantly lower CPP was noticed in DFM in

comparison to PDM.

In the context of pressure history analysis, Barik and Murugan (2014) found a higher CPP in
DFM than PDM (Fig. 2.12c). The CPP was found to have shifted from TDC with the increase
of BFR. The higher CPP in biogas run DFM is only possible at the higher @gioba. Hence, the
engine speed would be higher in comparison to the constant speed (1500 rpm) of the diesel
engine specified in this investigation. Consequently, the gaseous fuel promotes a faster flame
propagation that helps to burn a higher quantity of liquid fuels as the higher cetane liquid fuels
have the higher LHV. This, in turn, develops a higher pressure inside the combustion chamber
(Karim and Wierzba, 1992; Liu and Karim, 1997; Mustafi et al., 2013). At an advanced IT,
Barik and Murugan (2016) noticed a higher CPP (13.14% higher at BFR = 0.9 kg/h) in
comparison to the standard IT = 23 CAD bTDC in DFM. At IT = 27.5 CAD bTDC and in
comparison to PDM, the increment of 28.66% of CPP was noticed in DFM. The reasons for
higher CPP at the advanced ITs were believed to be due to the formation of the rich fuel
mixture, the occurrence of early combustion that caused a rapid premixed combustion.
However, the investigators noticed a higher ID at the advanced IT, where the IDs were
calculated with respect to the SIT =23 CAD bTDC. On the other hand, the study did not report
any analysis of combustion phasing. Hence, this higher pressure could be due to the higher
Dgiobal that caused a rapid reaction in premixed combustion phase. Later, Verma et al. (2017a)

also found similar behaviour as observed in Fig. 2.12d.

Krishnan (2001) and Krishnan et al. (2002) carried out experimental investigations at various
conditions as discussed above on the turbocharged dual fuel diesel engine performance using
NG as the primary fuel (Fig. 2.12e). They found that with increasing of percentage of NG
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energy share the in-cylinder pressure declined progressively. The physical reasons behind this

would be discussed later in the heat release history of this section.
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Fig. 2.12 In-cylinder pressure history: (a)-(b) Bora and Saha (2016a), (c) Barik and
Murugan (2014), (d) Verma et al. (2017a), (e) Krishnan (2001) and Krishnan et al., (2002)

2.7.3 Variations of NHRR

The net heat release rate (NHRR) is the consequence of start of combustion (SOC) and rigorous
ignition reaction of the fuel. Therefore, it is always desirable to release more heat by the
combustion of fuel in a diesel engine. The NHRR is the function of cylinder pressure, volume,
specific heat ratio and crank angle position (Heywood, 1988; Stone, 1999). Thus, the
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parameters NHRR, cylinder pressure history, crank angle position, and fuel characteristics are

internally related to each other.
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Fig. 2.13 Characteristics of NHRR: (a)-(b) Bora and Saha (2016a), (c) Barik and
Murugan (2016), (d) Verma et al. (2017a), (e) Krishnan 2001 and Krishnan et al., 2002

The variation of NHHR is portrayed in Fig. 2.13. At various CRs and ITs, the NHRRs of a
biogas run DFM engine were estimated by Bora and Saha (2016a) (Fig. 2.13a and 2.13b). The
NHRR was found to increase with the increase of CRs and advancement of ITs. However, in
DFM, the NHRR noticed to be substantially lower than PDM. In DFM with CR=16 and at the
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maximum load of 4.24 bar, and IT = 26, 29 and 32 CAD bTDC, the reductions were estimated
as 52.14%, 48.23%, and 45.74%, respectively. At this load and same ITs, (but at CR = 17.5)
the reductions were calculated as 44.13%, 42.9%, and 41.35%, respectively. The only physical
reason for this inferior NHRR in DFM might be due to the lower LHV of biogas in comparison
to PDM. Similar results also were reported by Debnath et al. (2014a), Bora and Saha (2015a),
Bora and Saha (2016b, 2016c, 2016d).

According to Barik and Murugan (2014, 2016), the NHRR is the combination of heat release
rates caused by the combustion of injected pilot diesel fuel, combustion of inducted biogas in
the immediate vicinity of the ignition kernel and the pre-ignition reaction due to subsequent
flame propagation. It is understood that the NHRR in uncontrolled combustion phase
(premixed) depends on ID, the formation of the mixture, and combustion rate at the preliminary
stage of combustion. The investigators have found a higher NHRR in DFM than that in PDM
(Fig. 2.13c). The reasons may be due to the increasing accumulation of total fuels due to
prolonged ID, combined uncontrolled premixed combustion (of pilot and primary fuels) close
to the pilot ignited combustion center. The NHRR is also referred as the dependent quantity of
the parameters such as the quality of fuel mixture (diesel + biogas + air), fuel mass flow rate,
and LHV of the liquid and gaseous fuels. At 100% load, (in PDM), the position of maximum
NHRR of 8.5 CAD aTDC is found. At this load, in DFM, the positions of the maximum peak
of NHRR with the BFRs of 0.3 kg/h, 0.6 kg/h, 0.9 kg/h, and 1.2 kg/h have been noticed at 7.8,
8.4, 10, and 11.6 CAD aTDC, respectively. On the other hand, at this load, and at standard IT
= 23 CAD bTDC, the positions of the higher peak of NHRR in PDM have been observed at
7.3 CAD aTDC. Similarly, at this full load (in DFM), the positions of the maximum peak of
NHRR at the ITs of 23, 24.5, 26, and 27.5 CAD bTDC are found at 7.7, 6, 4.9 and 3 CAD
aTDC, respectively. Verma et al. (2017a) have also observed the similar trend of NHRR as
shown in Fig. 2.13d. The lower oxygen concentration, lower polytropic index of methane in
biogas as compared to air and the diluent CO> present in biogas also absorbs a considerable
amount of heats with the consequence of higher ID. This causes the fuel to get accumulate
progressively and burn rapidly in the premixed phase of combustion. All these physical
interpretations are attributed to the higher NHRR than PDM. However, biogas has the lower
calorific value (nearly 50% lower than that of the diesel fuel). Hence, it may be due to the rich

fuel-air mixture.

Krishnan (2001) and Krishnan et al. (2002) in their combustion analysis observed that with the

reduction of diesel and the corresponding enhancement of percentage of NG energy share, the
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peaks of the heat release curve steadily reduced (Fig. 2.13e). It was due to the fact that the heat
release curve first originated form the combustion of pilot diesel that evaporated and got mixed
with gaseous fuel molecule surrounding the sprayed diesel during delay period. The
investigators found an exception of the peak of heat realease curve at the 50% NG, which was
noticed to be higher than that of peak of PDM at the same experimental conditions. They
elaborated this with the help of the neddle lift curve. The same magnitude of neddle lift
(indicating injection of diesel quantity) for diesel and 50% NG were noticed. This was
attributed to the higher intial peak heat release than that of diesel. Besides, the heat release
curves revealed that at higher percentage of NG energy share there was a shifiting towards right
relative to the lower percentage of NG. This was probably due to the loss of energy to the

exhaust at higher percentage NG energy share.

o - 100 &
2 Onset of combustion heat release (T, = 35°C) = a
= ()~ Onset of combustion heat release (T, = 75°C) E. 00 U
d -A—Combustio heat release duration (T, = 35°C) o :
< -.—Combustio heat releasc duration (T, = 75°C) :— 80 é
< : = =
2 Half load = 21.0 kW, Tin = 75°C = 70 ;‘
3 = =
2 o060 ¥
3 2 E g
S i E 50 B
= =1 E Z

=lE s
£ - i3 40 s
5 ~|E =
o SIES0 =
= <+ : -
& I E s
i 2| E 20 =
& <|E <
@ - =|EF 10 g
S =lE . ©

65 60 55 50 45 40 35 3025 20 15 10
Injection Timing (CAD, bTDC)

Fig. 2.14 Onset of combustion heat release and combustion heat release duration
versus injection timing, rpm = 1700 rpm, Qinj = 3.3 g/min (Krishnan 2005)

Krishnan (2005) studied the characteristics of onset of combustion heat release rate and
combustion heat release duration with the variations of IT as shown in Fig. 2.14. The onset of
combustion occurred earlier within the ITs of 30 to 45 CAD bTDC, while it was noticed to be
progressively delayed beyond this range and started near to TDC. Nevertheless, the combustion
duration was observed to have a different trend. The CD with the IT of 15 CAD bTDC was
noticed to be higher than that with the IT of 60 CAD bTDC. Physically, the expansion stroke
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associated with the longer CD indicated a reduction in FCE. In DFM, in order to achieve an
efficient combustion performance, the investigator emphasized on the correct distribution of
the ignition kernels in the combustion chamber. Hence, higher advanced IT was strongly
recommended in this study. It was because, the advanced IT made the ID prolonged, which
allowed a longer time to evaporate the droplets of diesel that helped to disperse the diesel fuel
in the cylinder promoting a better mixing of total-fuel and air. Therefore, these well distributed
ignition kernels led to rapid flame propagation through the sorrunding NG-air mixture and
reduced the CD. The suitable range of IT to reduce the CD was found to be within 30 to 60
CAD bTDC.

2.7.4 Combustion Duration

The combustion duration (CD) is defined as the crank angle interval between the 10% (CA10)
and 90% (CA90) cumulative heat release (Bedoya et al., 2011; Ryan et al., 2015). Physically,
CA10 is used to identify the start of combustion (SOC) and CA90 is used to identify the end
of combustion (Bedoya et al., 2011; Ryan et al., 2015; Wang et al., 2016). Hence, the
combustion duration is the part of the analysis of the combustion phasing. The CD depends on
the intake charge thermodynamic states and the fuel characteristics. The shorter CD is desirable
in order to achieve more high-grade energy in diesel engines. Hitherto, the CD analyses in
biogas run DFM engines have been very limited. Barik and Murugan (2014, 2016) analyzed
the CD at various BFR and ITs as shown in Fig. 2.15 (a) to (b), and noticed a higher CD at
higher BFR in DFM in comparison to PDM. At full load in PDM, the CD was found to be 37.4
CAD. At the same full load in DFM, the CD of 39, 39.5, 40.4, and 42.1 CAD were observed
at BFRs of 0.3, 0.6, 0.9, and 1.2 kg/h, respectively. The reasons behind these results were
attributed to the induction of biogas that altered the physical properties of the gas mixture
during compression, and reduction of oxygen concentration that caused a slower diffusion
combustion. At higher load, the consumption of higher fuel quantity raised the CD. Barik and
Murugan (2016) observed to some extent a lower CD at the advanced ITs of 24.5 and 26 CAD
(Fig. 2.15b). However, the drastic enhancement of CD was noticed at IT of 27.5 CAD bTDC.

The comparative performance and combustion analyses presented in Table 2.7 (Cacua et al.

2012, Mustafi et al. 2013, Park et al. 2014, Barik and Murugan 2014, Bora and Saha 2015b,
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Barik and Murugan 2016, Barik and Murugan 2016a, Bora and Saha 2017) that give the useful

information regarding biogas run DFM engine.
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and Murugan (2014), (b) Barik and Murugan (2016)

2.7.5 Burned Mass Fraction

Burned mass fraction (BMF) is one of the most important parameter to understand the
combustion history of the internal combustion engine. Krishnan (2001) and Krishnan et al.
(2002) elaborated the BMF characteristics in details as a function of percentage of NG energy
share, loads and intake preheating temperature at various CAD and parametric conditions as
shown in Fig. 2.16. The BMF was defined as the instantaneous burned mass normalized by the
total mass of charge in the cylinder. The investigators noticed a lower BMF at comparatively
lean percentage of NG energy share as portrayed in Fig. 2.16a. In the investigation, the effect
of loads on the variations of BMF was studied where the intake temperature at full load was
reduced from 75°C to 55°C to prevent the knock (Fig. 2.16b). The higher BMF was noticed at
higher loads due to the higher burning rates and burning of greater fractions of fuel were used.
In the analysis of the effect of intake air temperature on BMF, three distinct temperatures
namely 40, 75 and 125°C were considered (Fig. 2.16¢). The experiments were carried out at
half load to avoid knocking within the range of temperature (40 to 125°C). They noticed a
similar trend for all the cases at the very early stage of BMF due to the fact that the combustion
was dominated by burning of pilot diesel. However, in the later stage, the BMFs were
remarkably differed to each other as it was dominated by the premixed combustion of NG. The

analysis revealed the enhancement of BMF rates with the increase of intake charge preheating
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temperature. The physical reasons were attributed to higher burning rates of fuels being used,

which led to a more complete combustion associated with a higher intake charge preheating

temperature.
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400

2.8 Emission Analysis

Emission is the consequence of the burning of the input fuel-air mixtures. Therefore, the
diagnosis of emission is essential concerning the severity of global warming and to sustain the
healthy environment of the green ecosystem. Most importantly, the improvement in emission

qualifies the engine performance and combustion characteristics.

46
TH-2089_126103042



Chapter-2

Literature Review

Table 2.7 Combustion characteristics of the biogas run DFM engines
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Fig. 2.17 Characteristics of CO emission: (a)-(b) Bora and Saha
(2016a), (c) Barik and Murugan (2016), (d) Verma et al. (2017a), (e)
Abd-Alla et al. (2001), (f) Krishnan (2001) and Krishnan et al. (2002)

2.8.1 CO Emission

The CO emission in internal combustion engines (petrol and diesel) are controlled primarily
by the fuel-air equivalence ratio (Heywood, 1988). The characteristics of CO emission in
biogas run DFM engines at different loads are represented in Fig. 2.17. Bora and Saha (2016a)

observed a minor reduction in CO emission with the increase of loads with a pronounced effect
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at 100% load. Nevertheless, with the increase of CRs and advancement of ITs, the CO emission
declined (Fig. 2.17a and 2.17b). Irrespective of the change of parameters such as CR, IT and
loads, a higher CO emission is demonstrated in DFM in comparison to PDM. The lower CO
emission at higher CR was due to the generation of higher temperature that promoted
combustion. The discrimination of lower CO on the advancement of IT is accredited to the
increased time interval during expansion stroke that continued to enhance the high temperature
and the oxidation of CO. However, due to rapid premixed combustion at higher BFR, the CD
might have been lower as discussed in the previous section. This led to the oxidation time to
be lower. As the lower CPP developed in the DFM was attributed to the lower CMGT,
therefore, the CO emission reduction might be due to the faster flame propagation and rapid
reaction of the fuel mixture. At CR = 18, when IT was advanced from 26 to 32 CAD bTDC, a
reduction in CO emission by 5.59% (on an average) was noticed. Further, in the same range of
IT, the average CO emission reductions for CR= 16, 17, and 17.5 were noticed to be 3.96%,
4.64%, and 4.91%, respectively.

Barik and Murugan (2014, 2016) found similar trends of CO emission as discussed above
(Fig.2.17c). The reasons of higher CO in DFM were affected by the dilution of charge with the
CO. present in biogas, the formation of the poor biogas-atomized liquid fuel mixture, and the
paucity of oxygen. The higher CO at lower loads was observed due to the exceedingly leaner
fuel-air mixture in the periphery of the fuel spray zone to sustain the flame propagation that
reduced the local temperature. Hence, there was a substantial reduction of oxidation probability
of CO. This was believed to be caused by the extinction of flame front in the pilot dominated
ignition region until the reaching of the limiting states of auto-ignition. The higher CO was
observed at the higher BFR. At full load and at BFR of 0.9 and 1.2 kg/h, the CO was found to
be 17% and 24% higher, respectively in comparison to PDM. However, the lower CO with the
advancement of ITs was qualified to the enhancement of cylinder temperature and the
increasing oxidation reaction. At full load and with BFR = 0.9 kg/h, the CO emission was found
to be reduced by 9.2, 19 and 17.3% at IT= 24.5, 26 and 27.5 CAD bTDC, respectively. This
percentage of reduction was estimated in comparison to the one at standard IT = 23 CAD
bTDC. However, Verma et al. (2017a) found a very high CO emission in a biogas run DFM
using varying compositions of methane and CO: (Fig. 2.17d). The emission trends have been
found to differ as compared to the emissions reported by Barik and Murugan (2014, 2016) and
Bora and Saha (2016a). This happened because of the lower overall air-fuel ratio (AFR). At
full load and in PDM, the AFR was calculated as 24.3. At the same load and at the biogas
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composition of BG93 (volume percentage, methane =93%, and CO2 = 7%), BG84, and BG75,
the AFRs were estimated as 24.5, 17.8, and 14.2, respectively. This investigation demonstrated
a higher CO2 concentration in biogas to be associated with lower AFR. As a result, they found
a higher CO with BG84 and BG75 in comparison to BG93. The variation of CO at different
preheating temperatures is shown in Fig. 2.17d. As reported by Abd-Alla et al. (2001), the CO
concentration as a function of @giobal in the exhaust gas, got reduced with the increase of intake
charge temperature (Fig. 2.17e). The faster reaction rates and wider flammability limits with
preheating were illustrated as the physical reasons behind this effect. Krishnan (2001) and
Krishnan et al. (2002) found an increase of CO emission with the increase in the percentage of
NG energy share (Fig. 2.17f). However, beyond an approximat 70% of NG energy share, the
CO emission was noticed to be reduced. This was attributed to the higher burning rate and

higher flame speed at higher percentage of NG energy share of the total fuel used.
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Fig. 2.18 HC and CO emissions versus injection timing,
speed = 1700 rpm, Qinj = 3.3 g/min (Krishnan 2005)

Krishnan et al. (2005) elaborated the physical reasons behind the HC and CO emissions. The
typical sources of HC emission were indicated to (a) the in-cylinder crevices, (b) quenching of
the flame front close to the cylinder walls, and (c) bulk quenching of the flame front in partially
misfiring engine cycles. The last two reasons were pointed out as the dominant sources of HC
emission in the NG run DFM engine. The controlling parameters to oxidize the HC were
conferred as the charge temperature during expansion, the oxygen availability and the time
available for oxidation. The conditions for the maximum oxidation of HC were stated as the
requirement of sufficiently high temperature needed for a long time in the expansion stroke
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and for ensuring the effective mixing of comparatively cool unburned gas with the hot burned
gas. Whereas, the fuel-air equivalence ratio was stated to be the the key parameter to control
the CO emission. The higher the equivalence ratio, the higher was the CO emission. However,
the CO emission was found to be complex as it could be generated with the oxidation of HC

under some certain combustion environment.

The investigator (Krishnan 2005) made a comprehensive analysis of HC and CO emissions at
various ITs and parameteric states (Fig. 2.18). The ITs were varied from 15 to 60 CAD bTDC.
The characteristics of emissions (HC and CO) were discussed in three ranges of ITs (advanced
to retareded) such as 60-45, 45-25 and 25-15 CAD bTDC. In the first case, (IT=60 to 45 CAD
bTDC) and at full load, both the HC and CO were found decrease. Beyond IT of 50 CAD
bTDC, the COV was noticed to be significantly higher. This was attributed to the susceptibility
towards exhibiting of partial misfiring cycles resulting the bulk quenching of flame front and
the reduction of post combustion temperature. Upon the retardation of ITs from 45 to 25 CAD
bTDC, the enhancements of HC and CO emissions were observed. However, a relatively lower
COV was revealed in range of ITs = 45 to 25 CAD bTDC. Besides, there was the progressive
delay of the onset of combustion upon retardation of ITs from 45 to 25 CAD bTDC that was
discussed earlier. Consequently, a relatively lower HC and CO emissions as compared to the
ones found within the ITs of 60 to 45 CAD bTDC were achieved. Interestingly, the investigator
found a significant reduction in HC and CO emissions with the retardation of ITs from 25 to
15 CAD bTDC. However, within these ITs, there were sufficient lower heat release rate and
higher heat release duration. These were attributed to the long oxidation time of fuel mixture
resulting the lower HC and CO emissions. Nevertheless, the investigator noticed the different
trends in HC and CO emissions at half load of engine operation as portrayed in Fig. 2.18. The
primary reasons of these higher emissions at half load were pointed out as the phenomena of
scavenging and the generation of lower in-cylinder temperature. The lowest CO was noticed at
the advanced IT of 55 CAD bTDC.

At half load (21 kW), similar ternds of CO emission with ITs as discussed above were also
depicted by Singh et al. (2004). However, the CO was noticed to be sufficiently lower at lower
pilot quantity. Neverthless, the HC was found to be lower at the higher pilot fuel amount. The
enhancement of the number of ignition centres and thereby the stable operations of engine in
DFM were subjected to the reasons behind lower HC emission at higher pilot quantity. The
relations of CO emission was linked with the HC emission and the physical reasons behind this
were discussed above.
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2.8.2 HC Emission

The unburnt hydrocarbons (HC) emission is the consequence of incomplete combustion of
hydrocarbon fuel (Heywood 1988). The analysis of HC emission at various engine settings was
carried out by Bora and Saha (2016a). The HC emission reduction was found minimal up to
60% load beyond which it increased significantly (Fig 2.19a and 2.19b). However, it was
reduced with the increase of CRs and advancement of ITs. On an average, the reduction of
42.68% of HC emission was estimated upon increasing the CR from 16 to 18. On the other
hand, when IT was advanced from 26 to 32 CAD bTDC, the average reduction of HC was
found to be 8.36%. This indicated the effect of CR on HC emission to be more significant in
contrast to IT. However, in all states, the investigators noticed higher HC emission in DFM
than PDM. Barik and Murugan (2014, 2016) observed dissimilar trends of HC emission (Fig.
2.19c), where the HC emission got reduced with the increase of loads as well as with
advancement of ITs. However, the emission was noticed to be higher at higher BFR. At full
load, the increment of HC in DFM as compared to PDM at the BFRs of 1.2 kg/h and 0.9 kg/h,
were found to be 41% and 30%, respectively. The lower oxygen amount caused by the
induction of biogas, generation of the crevice, and scavenging due to the intake and exhaust
valves opening were considered as the reasons behind the higher amount of HC emission in
DFM. The lower HC emission at higher loads was attributed to the increase of ignition energy,
improved spray characteristics, and turbulent intensity of the gas mixture, enhancement of heat
transfer into the air-fuel mixture and increase in the number of ignition centers inside the
combustion chamber. At full load and at the ITs of 24.5, 26 and 27.5 CAD bTDC, the HC
emissions were found to be 5.7, 23, and 18.4% lower, respectively, than the emission at IT=
23 CAD bTDC.

Vermaet al. (2017a) glimpsed a very high HC emission with the higher diesel fuel substitution
and at the higher volume percentage of CO: in biogas (Fig. 2.19d). This reduced the potentiality
to sustain the flame propagation. The higher ID with higher diesel substitution was also a
reason to raise the HC emission. Similar results of HC emission were also reported (Nathan et
al., 2010; Yoon et al., 2011; Mustafi et al., 2013; Barik and Murugan, 2014). Abd-Alla et al.
(2001) stated an increase of HC emission with the increase of @giobal. However, the emission
level was lesser at higher @giona. With the intake charge preheating, this emission reduced
significantly (Fig. 2.19e). The lower HC with intake charge preheating was connoted to the

reduction of ID.
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Fig. 2.19 Variations of HC: (a)-(b) Bora and Saha (2016a),
(c) Barik and Murugan (2016), (d) Verma et al. (2017a)

Srinivasan et al. (2006) carried out the investigation at various intake charge preheating
temperature (75, 95, and 105°C), pilot fuel quantities (3.3, 4.9, and 5.4 g/min) and at the
advanced IT of 60 CAD bTDC. The significant reduction in HC with the increasing of intake
charge preheating at all loads (at half load = 21 kW and quarter load) were observed. The
enhancement of local temperature inside the combustion chamber and the reduction of COV at

higher intake preheating temperature were demonstraded to be the reasons behind the lower
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emission of HC. Whereas, the reasons behind the reduction of HC emission at higher quantity

of pilot fuel were discussed earlier.

2.8.3 NOx Emission

Concerning the detrimental effects on the environment, the researchers around the globe are
seeking an efficient way to diminish the emission of NOx. Most of the studies referred DFM of

engine to be an effective technique to reduce NOx.

Bora and Saha (2016a) noticed a very lower NOx emission as compared to PDM. However,
they found an increase in NOx emission with the increase of CRs and advancement of ITs (Fig
2.20a and 2.20b). With the increase of CRs from 16 to 18, an average increment of 56.28% in
NOx was noticed due to the enhancement of cylinder temperature. However, with the
advancement of ITs, a marginal increment of NOx was observed owing to the improvement of

biogas combustion.

Barik and Murugan (2014, 2016) observed a steep reduction of NOx emission with the
increasing of loads (Fig. 2.20c). The NOx emission was found to be reduced with the increase
of BFR and advancement of ITs. At full load, the maximum reduction in NOx in DFM at the
BFR of 1.2 kg/h with respect to PDM, was estimated at 42.8%. At the same load with the ITs
of 24.5, 26, and 27.5 CAD bTDC, the NOx was found to increase by 15.7, 33.8 and 39.4%,
respectively, as compared to the one at IT = 23 CAD bTDC. The higher cylinder temperature,
compression ratio, oxygen concentration and the retention time of reaction were designated as
the general information behind the formation of NOx. The lower NOx emission in biogas run
DFM engine was attributed to the higher molar specific heat of CO: that diluted the charge and
reduced the engine cycle temperature. The higher NOx at advanced IT was accredited to the

development of higher temperature.

Vermaet al. (2017a) found a very high NOx emission in DFM as compared to the reported data
(Barik and Murugan, 2014; Barik and Murugan, 2016; Verma et al., 2017b). They observed
higher NOx emission with a lower CO2 concentration in biogas (Fig. 2.20d). However, the
investigators achieved a lower NOx emission in DFM than PDM. The shorter combustion
duration in DFM was specified as one of the prominent reason behind the lower NOx emission
in DFM. Figure 2.20e shows the characteristics of NOx with different engine operating

parameters. In Fig. 2.20e, Abd-Alla et al. (2001) noticed that the NOx emission increases with
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the increase of intake charge preheating temperature owing to the enhancement of flame

temperature.

250 3
—@— Diesel: CR=17.5 IT (Diesel): 23° bTDC 230 J—o— Diesel: CR=17.5 IT (Diesel): 23° bTDC
- 225 3 © DFM:CR=16 IT (DFM): 26° bTDC €225 9 & DFM:CR=16 IT (DFM}: 29° b1DC
3 ¥ DFM:CR=17 Speed: 1500 ‘ _E ¥ DFM: CR=17 Speed: 1500 rpm
gZOO ] A DFM:CR=17.5 . . 3200 1 & DFM:CR=175
= ]75-E © DFM: CR=1% = 175_; © DFM: CR=18
= L E
0150 3 £0150
= 3 = E
= 1254 = 1254
= 100-§ = 100-E
z 759 s 754 o g
T G 2 § T A %
E 504 o 8 % Z 503 o 3 ¥
C 3 % o 3 &
254 8 »xd 2 o
.IIlIIIIIlIIIIIlIIIIIlIIIIIlII IIlIIIIIIIIIIIlIIIIIIIIIII'II
20 40 60 80 100 20 40 60 o 30 100
(a) Load (%) (b) Load (%)
6
p — , 1600
] Diesel+Biogas: 0.9 kg/h Dicscl I ¢ bpioo
5 A DIM: 23°bTDC | = 1 «x
. B DEM: 24.5° bTDC §_ 1 a
=, ] B pFM: 26° bTDC \2-1200 1 o
5 ] T 7 E=]prM: 27.5° bTDC Eﬂ ]
] <K J
234 %% R 7 ] £ 8004
S 3 ’4:’: % ‘-34 1 - Z 4
7 1 VER % Y | = ]
£ 29 AR 49 e RRH| - 1
S R % H | @ 400
16K 4% PH H| = ]
14 ’4:0: % | % - - = 4
] %% 3% % | © T
] KR <K RH 1R 1
- .". ‘,“ &- ] -
0-...u--|u-|||--|-/|- 0 4+rr-—rrrrrrrrrrrrerereerer
T 5 7 e 0O 20 40 60 80 100
(c) Load (%) (d) Load (%)

2600

Primary fuel: propen
Pilot fuel: 0.35 kg/h

Speed: 1000 ppm
IT: 25° bTDC

&)
=
=)
=]

o0
]
<

=
=)
o]
o

O ICT=28°C

Oxides of Nitrogen (ppm)

1400 A ICT=43°C

O ICT=65°C

1200 LN LN LN LN LN BN
0.30 035 040 045 050 055 0.60

(e) Global Fuel-Air Equivalence Ratio

Fig. 2.20 Variations of emission of NOy: (a)-(b) Bora and Saha (2016a), (c)
Barik and Murugan (2016), (d) Vermaet al. (2017b), () Abd-Alla et al. (2001)

55
TH-2089_126103042



Chapter-2 Literature Review

The trade-off of NOx and HC emissions (Fig. 2.21) at various states was elaborated by Krishnan
(2001) and Krishnan et al. (2002). The investigators noticed a steady decrease of NOx emission
with increasing percentage NG energy share (increasing diesel substitution by NG), while at
the same time the HC was found to increase remarkably (Fig. 2.21a). At higher substitutions
(85-95 percentage NG), the low confidence level of HC emission data were measured due to
the constraint of the gas analyser. The progressively higher 1D and lower flame speed at higher
level of substitution (at higher percentage of NG energy share) were the reasons behind the
higher HC emission. Interestingly, the HC was found to be gradually and remarkably reduced
with increasing loads, intake air temperature, and @giovar (Figs. 2.21b and 2.21c). However,
simulatenously there was the moderate enhancement of NOx with the increase of loads, intake
air temperature, and ®giobai. The higher consumptions of pilot (diesel) fuel and smaller near-
wall “quenching volume” at higher loads were the reasons for the simulatenious reduction of
HC emission and enhancement of NOx emission. The HC was noticed to be reduced by 80%
on increasing the intake air temperature from 40 to 125°C. This was accredited to the higher
burning rates and smaller near-wall “quench volume” due to higher local charge temperature.
At higher ®giobal, there was the distinct reduction of HC and corresponding enhancement of
NOx emissions. The reasons were conffered to the higher FCE at higher @giobal that enhanced

the fuel burning rates with the consequence of higher local temperature.

Krishnan (2005) studied the NOx emission characteristics and the trade-off of the emissions of
NOx and HC at various ITs (Fig. 2.22) in a turbocharged DFM engine run on NG. The other
operating parameters considered in this investigation were stated earlier. The high local
temperature along with the adequate availability of nitrogen and oxygen were addressed to be
the favorable reasons behind the emission of NOx. Morever, as the NG run DFM engine was
operated under the fuel-lean conditins (Pgiopai~0.49 to 0.57); the local temperature was
addressed to be the crtitical factor to form the NOx. The peaks of NOx emission were noticed
within the ITs of 35 to 40 CAD bTDC (Fig. 2.22). Whereas, it reduced sharply with the
advancement of ITs to 60 CAD bTDC. Further, there was a significant reduction in NOx
emission with the retardation of ITs beyond 35 to 15 CAD bTDC. Nevertheless, the twofold
lower NOx was noticed at the IT of 60 CAD bTDC relative to the IT of 15 CAD bTDC. The
prolonged ID, small quantity of pilot fuel, availability of longer time for the homogeneous
diesel-air mixture preparation were revealed to be the combustion environment at advanced IT

of 60 CAD bTDC, which were addressed to be the probable reasons behind the lower local
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temperature. Consequently, the lower NOx was noticed at the advanced IT of 60 CAD bTDC.
Whereas, at the retarted IT of 15 CAD bTDC, the shorter ID, availability of lesser time to
prepare diesel and air mixture, start of ignition near to TDC, occurring of bulk combustion in
the expansion stroke and releasing of lower heat over a long duration were pointed out to be
the reasons behind the generation of lower local temperature. Thus, a lower NOyx was achived
at the retarted IT of 15 CAD bTDC.
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Fig. 2.21 Parameters considered: Turbocharger intake pressure (Pin) = 181 kPa,
Intake temperature (Tin) = 75°C, Speed = 1700 rpm, half load = 21 kW, Turbocharger
exhaust pressure (Pey) = 171 kPa (Krishnan 2001 and Krishnan et al., 2002)

Srinivasan et al. (2006) analyzed the characteristics of NOx by increasing of intake charge
preheating temperature (75, 95, and 105°C). They found a substantial enhancement of emission

of NOx with the increment of preheating temperature. The advancement of CA50 (15to 5 CAD
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aTDC), release of greater amount of energy near to TDC and the occurrence of the majority of
combustion at higher local temperature were uncovered as the reasons behind the higher
emission of NOx at higher intake temperature. There was also the significant enhancement of
NOx at higher pilot quantity. The enhancement of high-temperature zone at higher pilot
quantity was attributed to the higher NOx at a greater amount of pilot fuel. The similar
characteristics of NOx with pilot quantity was also observed by Singh et al. (2004).
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Fig. 2.22 NO4-HC trade-off curve at different ITs,
speed = 1700 rpm, Qiyj = 3.3 g/min (Krishnan 2005)

2.9 Smoke Emission

The visible black smoke in diesel engines is considered as the consequence of soot emission.
The higher smoke emission at higher loads is attributed to the overall richer fuel-air ratios,
longer duration of diffusion combustion, and the reduced oxygen concentration (Pundir 2010).
The higher smoke emission is also caused by the fuels that have lesser hydrogen to carbon ratio
(<2) (Heywood, 1988; Nagarajan et al., 2002). Researchers in general observed that the dual
fuel technology would be viable to reduce the significant quantity of smoke emission from a
DFM engine.
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Table 2.8 Emission characteristics of the biogas run DFM engines

Fuels  (Pilot

Investigators Parameters /Primary) BFR CO emission HC emission NOx emission Soot/ Smoke
rpm = 1750; controlled at
Mustafi and Raine load = 3 Nm and 28 Diesel/ the diesel =~ Observed slightly higherin = Increased three times in Reduced sharply with  70% reduction was
(2008) Nm; IT = 28 CAD simulated biogas substitution of DFM than PD DFM than PD biogas noticed in DFM
bTDC; 0.61< P <0.70; 62%
rpm = 2000 Higher (~5-6 times) in Higher (~10-29 times) in Reduced in DFM;

Yoon and Lee (2011)

Makareviciene et al.
(2013)

Verma et al. (2014)

Lounici et al. (2014)

Barik and Sivalingam,
(2014)

Bora and Saha (2015b)

Barik and Murugan
(2016)

Bora and Saha (2017)

Verma et al. (2017a)

load = 20-100%;

IT =12 CAD bTDC;
rpm = 2500;

load = 20-100%;
IT=20-24 CAD bTDC
with and without EGR
Up gradated biogas;
rpm = 1500; Load =
20%-100%

rpm = 1500;
IT=13 CAD bTDC;
load = 20-100%

rpm = 1500; load = 0-
100%; IT = 23 CAD
bTDC;

CR=175
Load=20%-100%
IT=23 CAD bTDC;
CR = 17.5; at misfire
rpm = 1500;

load = 0-100%;

IT= 23 - 275 CAD
bTDC

Load=20%-100%, IT =
23-32 CAD bTDC; CR
=17 to 18; at misfire

rpm = 1500;
varying load;

Diesel and
biodiesel/ biogas

Diesel/ different
simulated biogas

Diesel/ biogas

Diesel/
simulated biogas

Diesel,
biodiesel/ biogas

Biodiesels/
biogas

Diesel/ biogas

Biodiesel/
biogas

Diesel/ biogas

2.2+0.1 kg/h

20 and 40
liter/minute

(Ipm)

~1.1-2.4 kg/h

at which 90%
of energy
made  from
biogas

0.3- 1.2 kgth
atastep of 0.3
kg/h

Very high
(=2.3-3 kg/h)

0.9 kg/h

(~2-3.2 kg/h)
twith  fload
and; Iwith
TCR and IT
controlled at
misfire limit

DFM; slight reduction is
noticed with biodiesel
Worst results found with
EGR; without EGR, |with
IBFR and at {IT; twith
TCH4%

Found higher in DFM,
reduced with scrubbed
biogas

Very high (>1000 ppm)
emission found in DFM

twith t1BFR; found higher
than PD and maximum
with 1.2 kg/h

Noticed higher in DFM but
the emission magnitudes
are very small

Iwith fload and at 1IT;
max. of 19% drop at the IT
of 26° bTDC noted than
PD mode

Iwith 1CR, at 1IT and 1 up
to 80% load

Very high in DFM (~0.24-
0.47 vol.%); twith 1load

DFM; slight reduction is
noticed with biodiesel;

HC reduced considerably
without EGR; at 1IT, HC|
with |CH4% |BFR

Noticed higher in DFM,
reduced with scrubbed
biogas

Very high (>2000 ppm)
emission found in DFM

The reasons are similar as
CO

Found higher in DFM but
the emission magnitudes
are very small

lwith fload and at 1IT;
max. of 23% drop at the IT
of 26 CAD bTDC noted
than PD mode

Trend is found to be
similar to CO emission

Very high in DFM (~4000-
10000 ppm); |with 1load

Drastic reduction of
NOx was observed

Reduced in EGR;
twith  tload,|CH4%
and with 11T

Observed lower in
DFM; fa little with
scrubbed biogas

twith tload; reduced
in DFM, but Twith
CHa vol.%

Drops by 32.17% in
DFM, at the BFR of
1.2 kg/h at full load

Negligible in DFM

lin DFM; twith 1IT;
max. 37.7% drop
found (IT=23 CAD
bTDC)

Negligible in DFM

Found significantly
lower up to 80% load

as well as with the
use of biodiesel

Found lower in the
entire test

Drastically reduced
in DFM

Maximum drop
noticed in DFM,
but, twith 1BFR

twith tload,
Lwith 11T

Observed  drastic
reduction in DFM
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Fig. 2.23 Characteristics of smoke opacity: (a) Barik
and Murugan (2014), (b) Verma et al. (2017a)

As depicted in Fig. 2.23a, Barik and Murugan (2014) noted a significant reduction of smoke
opacity in DFM as compared to PDM. The smoke opacity reduced with the increase of BFR,
while it increased with the increasing of loads. At full load, the smoke was noticed to be
reduced by 30, 41, 49, and 62% at the BFRs of 0.3, 0.6, 0.9, and 1.2 kg/h, respectively. The
lower smoke in DFM was accredited to the replacement of diesel fuel by the inducted biogas,
reduction of flame temperature, and enhancement of oxidation of soot precursors in the soot
prone zone by the increased concentration of O and OH around the flame generated from the
CO: present in biogas. Verma et al. (2017a) noticed a similar trend of smoke emission (Fig.
2.23b), however, the emission level was found to be substantially lower in DFM than the
reported data (Murugan 2014). The higher replacement of liquid fuel and the absence of
aromatic compounds in biogas were specified as the reasons behind the lower smoke emission.
The internal relations of the operating parameters, performance parameters and emission
characteristics of biogas run DFM engine are presented in Table 2.8 (Mustafi and Raine, 2008;
Yoon and Lee, 2011; Makareviciene et al., 2013; Barik and Sivalingam, 2014; Lounici et al.,
2014; Verma et al., 2014; Bora and Saha, 2015b; Barik and Murugan, 2016; Bora and Saha,
2017; Vermaet al., 2017a).

2.10 Exergy Analysis

Exergy analysis is essential in the field of applied science or in other words in engineering

applications to achieve the number of benefits over energy analysis. This is to figure out the
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quality of energy (Balmer, 1999), to utilize the maximum amount of energy and corresponding
minimum loss of energy to the dead state (Heywood, 1988), to understand the fundamental
physical phenomena (Borgnakke and Sonntag, 2013), to predict the best way of performance
evaluation (Li et al. 2018) and to optimize the engineering devices (Lau et al., 1987; Dentice
d’Accadiaa and Vanoli, 2004). The exergy analysis is vital in the production of energy from
the internal combustion engines, as these heat engines are associated with the conversion of
chemical to thermal energy of fuel, start and end of combustion, opening and closing of the
engine ports (intake and exhaust), quality of fuels using, and allied with cooling and heating
systems (Lior and Zhang 2007). Higher the exergy, higher is the possibility to utilize the energy
produced or applied in a system. Therefore, the hunting of the sources of exergy destruction is
essential to achieve the efficient performance (Li et al. 2018). Practically, the exergy is
destructed due to the irreversibility owing to highest molecular disorders in a system that is
attributed to the dissociation caused by friction. Rakopoulos and Giakoumis (2006) noticed
that the main reasons of exergy destruction in engine due to the thermodynamic irreversibilities
such as combustion, heat transfer, mixing, throttling, friction, and exergy wasted to the cylinder
wall and to the dead state with exhaust. In engines, the sources of exergy destruction can be
reduced substantially with the proper use of fuels and exact setting of the engine operating
parameters. In the next sub-sections, the discussions on exergy destruction and utilization in

the diesel engine in PDM and DFM have been made.
2.10.1 Exergy Analysis in PDM

Plenty of exergy studies have been carried out in PDM for an efficient use of various liquid
renewable fuels as either pure or blended fossil diesel. Rakopoulos and Giakoumis (1997a)
pursued a fashionable work on exergy in a turbocharged diesel engine. A very clear discussion
was made on the states of various exergy equilibrium (thermal, mechanical and chemical). The
investigators absorbed in to expose all practical reasons in all parts of the engine behind
irreversibilities that caused the destruction of exergy. The maximum irreversibility was noticed
to be associated with the combustion but there was a significant irreversibility in the intake and
exhaust of the engine. Total irreversibilities were observed as much as 44.9% with the
consideration of the loss of heat to the cylinder wall. In the exhaust port, the sources of

irreversibilities are due to the fact of throttling during blowdown and friction.
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Rakopoulos and Giakoumis (1997b) noticed a simultaneous enhancement of exhaust gas
exergy as well as irreversibility in the exhaust gas with the increase of loads. Caton (2000)
found that the combustion and chemical irreversibilities significantly reduces upon increasing
of combustion temperature. Ayres et al. (2003) studied on the production of the engine, cost of
production, production of energy during 1900 to 1998 in the light of exergy analysis and

revealed its great impact on these parameters.

Parlak (2005) compared the exergy strategy in the exhaust gas of a standard diesel (STD)
engine with a low heat rejection (LHR) diesel engine. The investigator observed the higher
available energy in the exhaust gas of the LHR diesel engine than the STD one and suggested
to use a turbine to recover the available energy in the exhaust. Giakoumis (2007) investigated
the exergy performance of a transient LHR silicon nitride and plasma spray zirconia coated
engine and compared with an STD engine. He found a significant enhancement of the
combustion temperature of the coated LHR engine. Hence, this coating in LHR engine assisted
to cut the combustion and total irreversibilities of the engine. However, there was no
contribution of this enhanced heat energy to produce the extra amount of mechanical work and
therefore, noticed a higher exergy in the exhaust gas and suggested the use of an expansion

device to extract the exergy.

Som and Datta (2008) pointed out some crucial influencing factors of exergy during the entire
combustion process. They noticed that the chemical reaction, the physical transport, and
thermal energy exchange are the major sources of irreversibilities in any combustion process.
The irreversibility due to the chemical reaction can be reduced significantly with the enhancing
of flame temperature and that can be achieved with the oxygen-enriched environment. The
irreversibility due to combustion can be reduced substantially with the reduction of the
temperature gradient that can be done with the intake charge preheating, fuel-air enactment,
and with the control of jet velocities. Abassi et al. (2010) found that the preheated intake charge
helped to reduce the combustion irreversibility and enhances the exergy in the waste heat and
exhaust gas of a direct injection diesel engine. Tat (2011) examined the effects of cetane
number on exergy in a diesel engine using different biofuels. He concluded that the lower
cetane number, higher ignition delay, and the corresponding long premixed combustion phase

enhance the exergy of the engine. It is reported that the lean diesel engine operation with high
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exhaust gas recirculation (EGR) is an efficient way to enhance the overall exergy of the engine

(Caton, 2012).

Debnath et al. (2013a, 2014b) investigated the exergy of a variable compression ratio (CR)
diesel engine using palm biodiesel and emulsified palm biodiesel as the fuels. They found that
the shaft exergy and exergy efficiency were increased with the increasing of CR and
advancement of ITs while exhaust gas exergy got reduced for the same. Jena and Misra (2014)
noticed that the use of oxygenated fuels helped to enhance the exergy of the diesel engine.
Mattson et al. (2016) in their numerical and experimental investigations on exergy using
various quantity of biodiesel as the oxygenated fuel have observed that the use of biodiesel
with some limits enhances the overall exergy due to the enhancement of the combustion
temperature. However, they have found the loss of exergy to the dead state due to the

enhancement of heat transfer from the system to the environment.

Khoobbakht et al. (2016), Paul et al. (2017) used various ternary blends of diesel, biodiesel,
and ethanol to investigate the overall exergy of a diesel engine. They observed that the overall
exergy enhances with the increasing of biodiesel and ethanol amount in the blend (up to some
limits). Li et al. (2018) noticed that the overall exergy destruction reduced with the increase of
combustion temperature with lower pollutant emission near to the stoichiometric fuel-air

equivalence ratio.
2.10.2 Exergy Analysis in DFM

The above discussion of exergy in PDM revealed that the intake charge temperature, quality of
fuel used, ignition delay, combustion temperature, combustion temperature gradient, physical
transport of fresh charge and combustion products, combustion reaction etc. are the most
influential parameters to efficient control the exergy of the engines. It is very clear that the dual
fuel mode of engine operation is more complicated than the pure diesel mode of engine
operation. The DFMs are more parametric dependent operation than the engine operation in
PDM. The deficiency of the DFM engines is that the engine overall performance deteriorates
in comparison to PDM. Consequently, it is essential to explore the parameters that are sensitive
to decline the DFM engine overall performance in the light of the analysis on exergy. In this,
an effort has been made to review the past work on exergy analysis of DFM engines (Table
2.9).
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Table 2.9 Dual fuel engine exergy and sources of irreversibilities

Investigators

Operating Parameters

Sources of Irreversibility

Exergy Enhancing Parameters

Rakopoulos and
Kyritsis (2006)

Sahoo et al.
(2012b)

Chintala and
Subramanian
(2014)

Bora and Saha
(2016c¢)

Bora and Saha
(2016d)

Verma et al.
(2017a);
Verma et al.
(2017b)

Computational work

Dgiopal = 0.5, Lister LV1 diesel
engine, rpm = 1500, IT =22
CAD bTDC (static)

Experimental, Single cylinder
4-stroke diesel engine, rpm =
1500, Load = 0 to 100%

Theoretical and experimental,
Single cylinder Diesel engine,
rpm = 1500, Load = 50, 75 and
100%

Experimental, Single cylinder
4-stroke diesel engine (3.5 kW),
rpm = 1500, Load = 0 to 100%,
CRs=16-18,ITs=23-32
CAD bTDC

Similar to Bora and Saha
(2016¢)

Single cylinder, four-stroke,
diesel engine (4.4 kW), ITs =
20-32 CAD bTDC

Fuels
‘CH4 —Hy’ and
‘CH;—H,— CO2’

Primary: Biogas
Pilot: Diesel,
biodiesel

Primary: H;
Pilot: Diesel

Primary: Biogas
Pilot: Diesel,
emulsified rice
bran biodiesel

Primary: Biogas
Pilot: Diesel

Primary: Biogas,
CNG, H;
Pilot: Diesel

Complicated fuel chemical
structure, Dilution of a higher
amount of CO,, Reduction of
combustion temperature

Qualities of pilot and primary fuels,

Heat transfer, mixing, throttling,
friction

Oxidation, Air-Fuel mixing, Heat

transfer, Friction, Instantaneous
chemical reaction, Heat transfer
from intermediate products to
reactants

Mixing, friction, and combustion

lower temperature

Mixing, friction

Knocking, misfire, lower load
levels, Incomplete and lower
temperature combustion

Simpler fuel chemical structure, Higher
combustion temperature,
Supplementation of H;

Oxygenated pilot fuels, higher
combustion temperature

Faster flame propagation, Enhancing of
combustion temperature, Higher release
of heat, Higher load levels, Optimum
Fuel-air equivalence ratio

Noticed an improvement in exergy with
the emulsified rice bran biodiesel

Advancement of injection timings and
increasing of compression ratios, higher
combustion temperature
Advancement of injection timing,
enhancement of flame speed, elevated
combustion temperature, Supplementing
the hydrogen with biogas
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Rakopoulos and Kyritsis (2006) and Rakopoulos et al. (2008) have made a comparative
analysis on exergy on the use of hydrogen and hydrocarbon (landfill gas) fuels for a single
cylinder, naturally aspirated, direct injection diesel engine (Lister LV1). The investigators
found a monotonic reduction in combustion irreversibility with the addition of H> with CHa as
shown in Fig. 2.24 (a). The reason was attributed to the reduction of chemical irreversibility
with the addition of Hz. During oxidation, Hz produced only H20O, whereas, hydrocarbons
produced numerous complicated oxides of hydrocarbon, thereby enhancing the combustion
irreversibility. It is seen in Fig. 2.24 (b) that the addition of CO> in the gas blends of CH4 and
H2 reduced the fuel (55% CH4 + 40% CO2 + 5% H>) input availability and increases the
combustion irreversibility. The dilution of CO2 in the gas blend reduces the combustion

temperature and the dissociation of CO; to CO was stated as the main reason behind this
findings.

200 — 800 7 Fuel: 55% CH, +40% CO, + 5% I, p.v.
| Fuel mixtures: CH, +H, | _____ injected fucl
= 160 — 0% 1, p.v. 600 | _ _ %_ _ work transfer
_:'E‘- T - -m-- 5% H,p.v ] ——O-- combustion
E 120 — — 400 — irreversibility
g 4 -----10%H, p.v. ? 7
g 80 7 Ei 200
E p.v. = per volume = ] p.v. = per volume O—0—0—0
= i = n -0 = =0 = -0~ = O
S <
Z 40— < 0
’E 4 | Fuel: 95% CI11 5% 11, p.v.
S 0o e 200 injected fucl % g
—»—— work translcr
i ——O—— combustion irreversibility x‘“—x—-
B L L R B N N R N A0~ T
200 220 280 320 360 400 440 480 520 200 220 280 320 360 400 440 480 520
(a) Crank Angle (“CA) (b) Crank Angle ("CA)

Fig. 2.24 (a) Effects of hydrogen components on combustion irreversibility,
(b) Effects of CO; on exergy (Rakopoulos and Kyritsis, 2006)

Sahoo et al. (2011a) investigated the exergy behavior of a syngas-diesel DFM engine. They
varied the H2 and CO composition in the synthetic gas blend and found an enhancement of
cumulative exergy of the engine with the increasing amount of H in the gas blend. Due to the
reduction of in-cylinder combustion temperature at lower loads (up to 40%), the destruction of
exergy was noticed to be more in comparison to the higher loads. Ramés da Costa et al. (2012)
have carried out a theoretical and experimental investigation on exergy in a diesel engine using
CHjy - diesel fuels combination. They achieved a higher exergy efficiency in DFM than PDM.
Besides, the lower exergy destruction in the exhaust was achieved in DFM than PDM. The
results presented were found different in comparison to the reported data. Chintala and
Subramanian (2014) investigated the exergy in an Hx-diesel DFM engine and observed a

significant improvement in engine exergy.
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Knizley et al. (2012) examined the effects of fuel type (CH4, CoHsOH, and CgHas), reactant
temperature (300 — 1200 K), reactant pressure (101.325 — 10132.5 kPa), equivalence ratio (0.3
—1.5), and diluents (CO2, H20, N2, and O) on entropy generation (Sgen) in a constant internal
energy — volume (UV) combustion process. With the increasing of reactant temperature by 100
K, 6-9% reduction in Sgen Was estimated with CHa, while there was a negligible influence of
reactant pressure on Sgen. The similar trends in specific entropy generation (defined by per-unit-
mixture-mass and per-unit-fuel-mass) with reactant temperature and pressure were also found.
Nevertheless, the mixture-mass-specific Sgen Was found to have a decreasing trend with
decreasing equivalence ratio and increasing diluent fraction, while the total and fuel-mass-
specific Sgen demonstrated the opposite trends. On the Sgen, @ maximum of 65% and a minimum
of 40% significant effects with species H.O and CO: in the diluents were considered. The
highest Sgen Was calculated with the fuel CgHig (four and six times higher than that with
C2HsOH and CHg, respectively) was attributed to have a great influence of fuel characteristics

on Sgen.

Mahabadipour et al. (2016) carried out the experimental and theoretical (multi-zone
phenomenological simulation) investigations in a ALPING low temperature combustion (LTC)
engine to characterize some important and interesting second law based parameters such as lost
available IMEP (LAIMEP), fuel conversion irreversibility (FCI). The engine tested was a 2.4-
liter single-cylinder research engine equipped with a dedicated pilot injection system. Other
crucial parameters considered were the start of injection of diesel (SOI), Tin and intake boost
pressure. The ALPING LTC engine was run at the constant engine speed of 1700 rpm, fixed
diesel quantity of 3.3 g/min to keep NOyx emission low and at the BMEP of 6 bar at all SOls.
The investigation was conducted in two phases. In the first phase, SOI was varied from 300 to
340 CAD in steps of 5 CAD by keeping the intake manifold pressure and Ti, at 1.81 bar and
75 °C, respectively. Whereas, in the second phase, Tin was varied from 50 to 150 °C, while the
SOl was fixed at 310 CAD. In all cases, the fuel chemical energy input was kept constant. The
key observation with diesel SOI sweeps (with the advancement) were found for the
enhancement of IMEP, indicated fuel conversion efficiency (iFCE), LAIMEP, FCI, BMF and
average in-cylinder gas temperature (Tavg) at exhaust valve opening (EVO). The major reasons
were attributed to the occurrence of a more complete combustion with the advancement of SOI,
which led to a higher mass of hot combustion products in the burned zone that caused a higher

enetropy generation (irreversibility) and a higher lost available work within the burned zone.
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Consequently, the investigators made an interesting and a cruicial statement regarding the
requirement of the advancement of the parameters CA50 relative to TDC and a shorter
combustion duration in order to avoid the unexpected irrversibilty and to achieve the best

engine overall performance.

On the other hand, more efficient results were achieved with the the sweeps of Tin. It was
noticed that with the increase of Tin, there was the significant reduction in the cumulative
entropy generation indicating a lower lost available work, which got reflected to the lower FCI
and LAIMP. There was also the significant advancement of CA50 with the increase of Tin. The
physical reasons behind these improvements were attributed to the development of higher in-
cylinder temperature at higher Tin, which helped to burn all the fuel elements and thereby
ensuring a fairly high BMF. However, it was recommended to take care the volumetric
efficiency, which was observed to be reduced with the increase of Tin. Thus, there might be the
lost in power out put even at the advanced CA50. The different trends of LAIMP, FCI, and
CAA50 were noticed with the variations of intake boost pressure (Pin). The LAIMP and FCI were
found to be increased monotonically with the increase in Pi,, while the retarded CA50 was
revealed with the increase in Pin. The investigator emphasized on further investigation to
understand the correct physical reasons behind the charateristics of these parameters (LAIMP,
FCI) with Pin sweeps. Nevertheless, the enhancement of exhaust gas enthalpy at EVO was
attributed to the reasons behind the retardation of CA50.

At a later stage, an almost similar study was also carried out by the same group of investigators
(Mahabadipour et al. 2017). In their study, the SOI was kept within 300 — 325 CAD and the
Tin was varied from 75 — 115 °C. The trends of LAIMP, FCI, and CA50 with respect to the
variables SOI, Tin, and Pin were noticed to be similar to their earlier work (Mahabadipour et al.
(2016). They distributed the level of irreversibilities of the cumulative entropy generation in
percentage at various zones with the sweeps of SOI, Tin and Pin as portrayed in Fig. 2.25. In all
cases, the maximum, the significant, and the minimum entropy generations were observed in
flame zone, burned zone and in packets, respectively. However, a comparatively lower
irreversibility in flame zone was noticed with the sweeps of Tin. The entropy generation in
flame zone was observed to be increased with the increase in Tin. However, the oppostive trends
of entropy generation in burned zone and in packets with the Tin sweeps were noticed as
compared to that in flame zone. The enhancement of instantenious flame temperature (T¢) with

the increase of Tin (Fig. 2.26) was addressed to be the main reason behind the reduction in
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irrversibity in flame zone with Tin sweeps. The parameter T which advanced the start of

combustion (SOC) and CA50 and made favorable environment to reduce the entropy.

Cumulative entropy generation (100%)

Variables Flame zone (%) Burned zone (%) Packets (%) Unburned zone (%)
75 58.2 374 44

~% | 85 58.1 37.1 48

oo

9; g 95 56.9 38.0 5.1 0

B e 105 55.4 393 5.3
115 53.7 40.9 5.4

[ e

300 58.2 37.4 4.4

Q L, 305 57.7 37.4 48

3 § 310 56.7 38.5 4.8 0
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2 “ [ 320 60.2 358 4.0
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Fig. 2.25 Distrivution of cumulative entropy generation in different
zones with sweeps of Ti,, SOI, and Pi, (Mahabadipour et al., 2017)
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Fig. 2.26 Characteristics of T with CAD at various Ti, (Mahabadipour et al., 2017)

68
TH-2089_126103042



Chapter-2 Literature Review

In recent times, the biogas DFM engines have become popular, however, qualitative analyses
based on the exergy are very few of such engines. Sahoo et al. (2012b) performed the exergy
analysis of a biogas run DFM engine using diesel and biodiesel as the pilot fuels. They mainly
investigated the effects of biodiesel as the pilot fuel on exergy. With biodiesel, a better exergy
efficiency was achieved in comparison to pure diesel. It was also observed that the exergy in
DFM improved beyond the applied load of 20%. However, a significantly lower exergy is
achieved in DFM in comparison to PDM. Bora and Saha (2016d) investigated the exergy
analysis of a biogas run DFM engine (at various CRs and ITs) using diesel as the pilot fuel.
The CRs and ITs were optimized at 18 and 29 CAD bTDC, respectively. They found an
increase of exergy with the increase of CRs and advancement of ITs (CR = 18 and IT = 29
CAD bTDC). However, the increasing advancement of ITs enhanced the cooling water exergy
with the decreasing of exhaust gas exergy as compared to PDM. Bora and Saha (2016e) also
made an exergy analysis of a biogas run DFM engine using emulsified rice bran biodiesel as
the pilot fuel. The study found emulsified biodiesel as the promising fuel for the biogas DFM
engine. Verma et al. (2017a) conducted a comparative experimental study on the use of
synthetic biogas (varying composition) as the main fuel and diesel as the pilot fuel and observed
the lower combustion irreversibility with higher CO2 in the composition. However, total
irreversibility was found to be increased with the increase of CO2 concentration in the synthetic
biogas. The optimum results competitive to PDM were obtained with a blend that contained
maximum amount methane (93% by volume) and minimum amount of CO2 (7% by volume).
Verma et al. (2017b) examined the exergy in a DFM engine using biogas, compressed natural
gas (CNG), and hydrogen respectively as the primary and diesel as the pilot fuels. The
important findings in this investigation were the enhancement of exergy with the advancement
of IT and, with the increase of loads and found maximum exergy with H, fuel. They estimated
2% more exergy efficiency with Hy at maximum load. Verma et al. (2018) carried out an
experimental investigation on the supplementation of H> with biogas to find the effects on
exergy in a diesel piloted DFM engine. The investigators found a significant improvement in

exergy with the addition of Hz beyond 5% by volume.
2.11 Overall Findings

It is evident from the review study that the researchers have been trying to implement the dual
fuel mode (DFM) in diesel engines using biogas and various injected oxygenated fuels. So far,

the investigators have made serious efforts by altering the various operating and performance
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parameters to improve the overall performance of biogas run engines. Some of the salient

features accrued from the present literature review are summarized below:
2.11.1 Ethanol, Butanol, DEE, and Biodiesel as Oxygenated Fuels

e The present analysis mainly focused on the ternary blends of diesel-biodiesel-ethanol,
diesel-biodiesel-butanol and, diesel-biodiesel-DEE. The attractive results reported and
found suitable on the use of ternary blends in biogas run engines are: (a) the release of
extra oxygen during combustion, (b) the reduction of premixed and total combustion
duration, (c) the increase of NHRR, and (d) the significant reduction of CO and HC.

2.11.2 Performance Analysis in Biogas DFM Engines

e The BFR and the corresponding LFR are found to be very sensitive to performance,
combustion, and emission characteristics. The significant reduction of BTE is noticed
both at higher BFR and at higher LFR. However, a considerable increment of BTE is
noted at higher CRs and at advanced ITs. The energy share is found to be higher at higher
loads and at advanced ITs. BTE is always even at the higher CR and at advanced IT found
to be significantly lower than the pure diesel mode.

2.11.3 Combustion Analysis in Biogas DFM Engines

o Irrespective of operating condition, the ID in biogas run DFM is found to be higher than
PDM. The longer ID is reported at higher BFR. The significant reduction of ID is noticed
at higher CRs and at advanced ITs. However, the IT was reported to be an influential
parameter to reduce the ID. Although, few researchers notified that at advanced IT, the
ID is actually increased. The balance of parameters CA50 and CD are demonstrated to
be most inflencial parameters to achieve the best engine performance.

e Most of the studies report a significantly lower CPP in DFM as compared to PDM.
However, a few reports a higher CPP at higher @giobal. There is a drastic reduction of CPP
at higher BFR. Nevertheless, the CPP is observed to be higher and shifts towards TDC
at higher CRs and at advanced ITs.

¢ In general, there is a substantially lower NHRR in biogas run DFM engines. However, a
higher NHHR is noted at the higher @giopal than PDM. At higher CRs and at advanced
ITs, the NHRR is found to be higher. Although, the CD in DFM is found to be lower,
however, a higher CD at higher BFR is reported in some of the studies. Nonetheless, very
few studies report a lower CD at higher BFR due to rapid premixed combustion.
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2.11.4 Emission Analysis in Biogas DFM Engines

e The CO in biogas run DFM engine is found to be very high in all cases in comparison to
PDM. However, with the increase of CRs and ITs, a significant reduction of CO is
reported. Some studies reveal a higher CO at higher loads, while a few observe lower CO

with the increase of load.

e The trends of HC emission with the increase of loads are found to be different. However,
with the increasing of CRs and advancement of ITs, the HC emission reduces to some
extent but significantly higher than that of PDM.

e The NOx emission, in general, is found to be significantly lower in DFM than the PDM.
However, there is a slight increment of NOx in DFM with the increasing of CRs, and
advancing of ITs. However, this increment is found much lower than PDM. There is a
drastic reduction of smoke in biogas run DFM engines, and this is observed to be lesser
at higher BFR.

2.11.5 Exergy and Irreversibility in DFM Engines

e In DFM the major sources of irreversibilities are: (i) complex chemical structure and
mixtures of fuels are chosen, (ii) higher combustion temperature gradient, (iii) lower
combustion temperature, (iv) deficiency of oxygen at the time of combustion, (v) mixing
and throttling, (vi) heat transfer, (vii) friction, (viii) misfire, (ix) heat transfer from

intermediate products to reactants, and (x) over dilution of COz in the gas blend.

e The parameters that are crucial to improving the exergy of DFM engines are (i) fuels
simple chemical structure to lessen the chemical irreversibility during combustion, (ii)
preheating the intake charge to minimize the combustion temperature gradient, (iii)
higher combustion temperature, (iv) enrichment of oxygen at the time of combustion to
enhance the flame temperature and to increase the flame speed, (v) use of oxygenated
liquid fuels as the pilot fuels but not as the secondary fuel, (vi) lowering the heat
dissipation and frictional effects during the entire combustion process, and (vii) proper

control of @gobal.
2.12 Scope of Work

The state-of-the-art review implies that the researchers have been trying to implement biogas

as the gaseous fuel in dual fuel diesel engines to produce the power. However, in the light of
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energy and exergy analysis, it is observed that the biogas DFM engine overall performance
substantially deteriorates due to some critical reasons which are not found in the reported
works. Therefore, it is essential to search the reasons behind these limitations to make the
biogas DFM engines as the viable option to sustain the balance of the ever-increasing demand
and supply of the acute shortage of power particularly in rural areas of the developing countries.

Consequently, the research gaps found in this contemporary review are as follows:

e The ample numbers of diesel engines throughout the world have been running to
produce the power using fossil diesel fuel. These diesel engines have the single
(standard) compression ratio and injection timing. Therefore, the utilization of this
existing technology in the generation of power in DFM with the simplest modification
will be a novel work. However, the investigators worldwide have not achieved the

satisfactory results in a biogas run DFM engine at the engine standard CR and IT.

e The working principle of the DFM engine is the combination of Cl and Sl engines. The
fuel-air equivalence ratio, therefore, will have a great impact to achieve an efficient
DFM engine operation. On the other hand, biogas contains a very high amount of CO3.
Consequently, it is essential to run the biogas DFM engine with the optimized fuel-air
equivalence ratio. However, there is no work found that takes the fuel-air equivalence

ratio as a function to run the biogas DFM engine.

e The energy and exergy analysis reveal that the using of renewable liquid fuels in DFM
would be an efficient technique to achieve an efficient engine performance. However,
the implementations of the renewable fuels like ethanol, butanol, and DEE blended with
diesel and biodiesel in a biogas run DFM are very rare. Since, these oxygenated liquid
fuels help to enhance the flame temperature, flame speed and stimulate to improve the
combustion process. Thereby the biogas DFM engine performance can be improved
substantially by the use of these oxygenatyed fuel addressed above.

e Most of the investigators have used the biogas flow rate at the misfire limit and presents
controversial results. Some investigators observed lower emission, while a few noticed

very high emissions in a biogas run DFM.

e The exergy analysis demonstrates that the higher the combustion temperature gradient
during the exchange of premixed combustion phase to diffusion combustion phase is the

major source of combustion irreversibility. Some studies suggest that the intake charge
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preheating technique can help to reduce the combustion temperature gradient
significantly. However, there is no work found that elaborated the intake charge
preheating effects on the overall performance of a biogas run DFM engine. Besides, the
literature is almost silent about the thermodynamic potential study on the effects of
intake charge preheating in such engines (biogas run DFM) using the various
oxygenated fuels discussed above. However, very few but potential studies on second
law in a LTC ALPING engine were observed. The studies on LTC ALPING engine
revealed that the parameters such as quantity of pilot fuel, proper dispersion of sprayed
pilot fuel, homogeneous distrubition of ignition kernels, IT, Tin, and Pin have the great

influence on the overall engine performance.

e There is no state-of-the-art work found in any archived journal on the analysis of
combustion considering the parameters such as global fuel-air equivalence ratio
(Dgiovar), Oxygenated liquid fuels (such as the ternary blends of diesel-biodiesel with
ethanol, butanol, and DEE, respectively) and the intake charge preheating in a biogas

run DFM engine. The corresponding exergy analysis has also not been found.

2.13 Summary

In this literature survey, the parameters that have the direct or indirect influence on the
performance, combustion, and emissions of biogas run DFM engines have been discussed. It

is noticed that these engines can efficiently be performed at the standard CR and IT by

(a) optimizing the global fuel-air equivalence ratio (Dgiobal)
(b) using renewable oxygenated liquid fuels, and

(c) preheating the intake charge.

The efficient utilization of biogas in a DFM engine at the standard CR and IT is a challenging
task as the use of excess fuel is an indication of the waste of energy into the environment. The
combinations of optimum @gional, COrrect energy share of renewable liquid fuels and biogas at
each of the load and preheating the intake charge will have a great impact on the engine overall

performance.
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Chapter

Highlights: Overview: It is clear that the generation of power from the

« Existing VCR engine existing diesel engines in DFM (at standard CR and IT) will be
setup in PDM is extremely beneficial in terms of lowering the dependency on
described imported fossil diesel fuels and reducing of GHG. The present

e Instruments and research work has endeavored to unveil all the means to achieve
measurement devices [ an efficient DFM engine performance at standard CR = 17.5 and
are outlined IT =23 CAD bTDC. In order to reduce the detrimental pollutant
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3.1 The VCR Diesel Engine Test Bed

The experimental setup consists of a single-cylinder four-stroke, water-cooled, naturally
aspirated direct injection variable compression ratio (VCR) diesel engine (Kirloskar, TV1).
The specifications of the engine are presented in Table 3.1. An eddy current water-cooled
dynamometer (Saj Test Plant, AG10) is coupled with the engine as the loading unit to measure
the engine load in kg with a load cell (Sensotronics Sanmar, 60001). An ampere regulator

attached to the control panel, is used to load the engine.

Control Panel ¢ Computer Interfacing

Rpm
indicator
DLU

M FFM
En gine starter

Flow Signals
Pressure Signals
Temperature Signals
Load Signals

RPM Signals

*s
-
-
»
.y
-
-
.
.

Fuel flow meter

H

1

Airin T2}
—

Electronics signals

ncoder

Y3 N o
{ Calorimeter ]—L—bExhaust

Fig. 3.1 Schematic diagram of the multi-fuel VCR diesel engine test rig
BFCV: Biogas flow control valve, FFM: Fuel flow meter, EGA: Exhaust gas analyzer; M: Manometer;
DLU: Dynamometer loading unit, LFF: Liquid fuel flow, PZ: Pressure transducer, T: Thermocouple

CO: 02
HC: .. .NOx: ...
Coz; ..

The engine has the facility to vary the CR with the help of the tilting block mechanisms. The
high pressure (opening pressure = 200-240 bar) liquid fuel injector (Bosch, 1035) firmed with
the engine head has three circular holes (diameter = 0.3 mm) with the spray angle of 120°. The
bowl shape of the piston top of the engine makes the combustion chamber hemispherical when
the piston reaches the top dead center (TDC). The liquid fuel at the pump inlet reaches from
the fuel tank by gravity. To measure the cylinder pressure and compressed liquid fuel pressure

in the injector fuel line, two piezo type sensors are mounted on the engine head and injector

75
TH-2089_126103042



Chapter-3 The Engine Test Bed and Instruments

fuel line. The engine pressure-crank angle (P-6) and pressure-volume (P-V) data can be
acquired at each degree of rotation of the crank angle (360 CAD) in a complete cycle by
interfacing of the signals with the piezo powering unit (Cuadra, AX-409). The crank angle
encoder (Kubler, 8.3700.1321.0360) fixed with the dynamometer shaft, is used to measure the
engine speed along with the crank angle position at each degree of rotation. The facilities to
measure the fuel flow, airflow, and temperature are also provided along with the setup.
Rotameters are used to maintain the mass flow rate of water as the coolant to eliminate the heat
that develops in the engine cylinder wall and head. The schematic of the diesel engine test bed

is shown in Fig. 3.1.
3.2 Measuring Instruments

The VCR test bed comprises a number of sensors, transmitters and, indicators. All these
measuring accessories are interfaced with the computerized data acquisition system (DAS) to
acquire automatically all most all the data to understand the engine performance characteristics.
The essential parameters to apprehend the performance quality of the engine are discussed

briefly in the following sections.
3.2.1 Performance Measurement

In the evaluation of various performance parameters at a particular applied load on the engine,
the data are collected automatically from the computerized system. In order to have the correct
results with the various fuels, the density and the calorific values of the respective fuels are
included as per the requirement. The parameters estimated are air and fuel flow rates, air-fuel
ratio, fuel-air equivalence ratio, efficiencies, energy share, power, mean effective pressure, and
heat balance. The detailed discussions, in the evaluation of these parameters, have been made

in Appendix-A.
3.2.2 Air and Fuel Flow Measurement

There is a provision for manual measurement of the air and fuel flow rates. For the airflow rate,
the difference of the water column of the differential manometer is recorded. The manometer
limbs are fitted with an orifice meter attached to the air-box, while, the fuel flow rate is
measured by transferring the fuel from the storage tank through the measuring tube for the
known volume. The automatic measurement of the airflow is associated with an airflow
transmitter (WIKA Instruments, T19.10.3K0-4NK-Z). Similarly, automatic data for fuel flow
rate can be acquired with a differential pressure transmitter (Yokogawa, EJA110-EMS-5A-
92NN).
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Table 3.1 The specifications of VCR diesel engine and elemental devices

System specifications

Parameter Specification

Product Research engine test setup, Code 240

Type Single cylinder, four-stroke, DI diesel engine
Power 3.5 kW (@ 1500450 rpm)

Type of cooling Water cooled

CR range 12:1-18:1

Injection variation
Combustion chamber
Dynamometer

Air box

Fuel tank

Calorimeter

Rotameters

Data acquisition Software

0-25CAD bTDC

Hemispherical bowl in piston type

Eddy current type, water cooled with loading unit

MS fabricated with orifice meter and manometer (100 - O - 100)
Capacity 15 lit with measuring tube (0-450 ml)

Pipe in pipe type

Engine cooling 40-400 Iph, calorimeter 25-250 Iph
“Enginesoft” engine performance analysis software

Transmitters, sensors, and indicators

Fuel flow meter
Air flow transmitter
Pressure sensors

Temperature sensors and transmitter

Load sensor and indicator
Speed sensor and indicator
Data acquisition device

DP transmitter, range 0-500 mmwWC

Pressure transmitter (-) 250 mm WC

Piezo type, range 5000 PSI, with low noise cable

PT100 (RTD) type, range 0-100° C, output 4-20 mA (4 nos) K
(ungrounded) type, range 0-1200° C, output 4-20 mA (2 nos)
Strain gauge type load cell with digital indicator, range 0-50 kg
Resolution 1° CA, range (5500 rpm) with TDC pulse

NI USB-6210, 16 bit, 250 kS/s

Setup constants

Pulse per revolution

No. of cycles

Fuel measuring interval
Speed scanning intervals
Bore x Stroke

Capacity

Orifice diameter
Dynamometer

Connecting rod length
Theoretical constants
Orifice coefficient of discharge
Specific heat of exhaust gas
Specific heat of water
Density of air

360°

20

60 s

2000 ms

87.5 mm x 110 mm
661 cc

20 mm

185 mm

234 mm

0.6

1.00 — 1.25 kJ/kg-K
4.186 kJ/kg-K
1.174 kg/m?®

Maximum permissible back pressure in
the exhaust system

2.5 kPa

Maximum permissible intake depression 1 kPa

3.2.3 P-0 Measurement

In-cylinder pressure history is one of the vital parameters in the evaluation of combustion
parameters and combustion characteristics of the engine. In order to measure the in-cylinder
pressure data and liquid fuel pressure data in the high-pressure fuel line, two pressure sensors
(PCB Piezotronics, S111A22) having identical specifications are mounted on the engine head

and firmed with the fuel line, respectively. These sensors are able to distinguish the pressure
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of compression, combustion, explosion, pulsation, cavitation’s, blast, pneumatic, hydraulic,
fluidic etc. An optical encoder (Kublar, 8.3700.1321.0360) is set to record the pressure data at
each of the engine crank angles.

3.2.4 Temperature Measurement

The temperature at the four terminals of engine cooling water and calorimeter are measured
with the four PT100 (RTD) temperature sensors. Whereas, the inlet and outlet temperatures of
the exhaust gas are measured with the K-type thermocouple. All these temperature sensors are
interfaced with a computer for automatic recording and online monitoring of the temperature
data to arrive at the thermodynamic equilibrium state. The response time of the thermocouple
used is higher than 0.08 seconds (for the 1500 rpm constant engine speed). Hence, the steady
reading of temperature (approximately 5 minutes) instead of pulsation can be achieved with all

fluids as discussed above.
3.2.5 Tuning of Compression Ratio and Injection Timing

The VCR diesel engine has the CR adjusting mechanism. The CR can be varied ranges from
12 to 18 with eight steps. However, to vary the CR, it is necessary to run the engine at the
standard CR of 17.5. The adjustment of CR is done by tilting the cylinder block with the help
of a locknut and stud arrangement. The tilting of the block can be done with loosening of the
six Allen bolt that holds the cylinder block with supporting block. There is a scale on CR
adjustor mechanism to fix the CR at a particular point. After fixing the CR at a particular point,
it is necessary to insert this manually in the software for the data acquisition. The IT can be
tuned online or manually. In either case of the tunning of IT, the six nuts should be loosened

that holds the mechanism to change the position of the higher pair in-between lever and cam.
3.2.6 Emission Measurement

A flue gas analyzer (AVL, Digas 444n) is used to measure the emissions in the exhaust gas. At
any time, without shutting down, the calibration of this device can be done. The measurement
of emissions is carried out by letting the flue gas samples to rush through a probe in the steady-
state operation of the engine. A condensation trap is used next, to dry out the gas sucked. Then
the dry samples are investigated inside the analyzer for the analysis of the gases such as Og,
CO, COo, HC, and NOx. The analyzer returns the values of CO, CO3, and O in percentage by
volume, while the HC and NOy are in ppm. CO and NOy are measured through electrochemical

measurement cells, whereas, CO, and HC are measured by infrared and Pellistor Head Affect
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Detector, respectively. The device has the provision to interface with a computer through a

USB cable to store and for online monitoring of emission data.

Table 3.2. Gas Analyzer Specification

Measured . Range
Gas Resolution (vol.) Accuracy (vol)
0, 0.01% +0.02% abs 1% rel 0-25%
0-10% +0.02% abs  +£3% rel
0, -1509,
co 0.01% 10.01%-15% +15% rel 0-15%
0-16% %0.3% abs +3% rel
0, -2009,
co: 0.01% 16.01%-20% w5%rel | O 20%
NO 1 ppm %5 ppm 1% rel 0-5000 ppm
- + 0,
<2000:1 ppm 0-4000 ppm 8 ppm = 3% rel

HC 4001-10000 ppm 5% rel 0-30000 ppm

>2000:20PPM 1600130000 ppm 109 rel

3.3 Modification in Diesel DFM Engine

There can be many ways to convert a diesel engine into a DFM engine. Bora and Saha (2014,
2015a, 2016a) attached a venturi-meter in the diesel engine intake manifold to convert it to a
biogas run DFM engine. With this simple modification, the investigators carried out several
experiments to utilize a very high amount of biogas in DFM. They mainly studied the
influences of CR and IT at the maximum limit of the biogas flow rate where the misfire of the
gas mixture inside the combustion chamber appears. Consequently, they attained poor results
at the standard CR = 17.5and IT =23 CAD bTDC. In addition, the literature review also reveals

that there is a performance penalty with such an engine at the standard CR and IT.

It is well known that ample numbers of diesel engines have been producing power throughout
the globe at the standard CR and IT. The efficient utilization of the existing technologies to
produce power can be a novel work. Keeping this panorama in mind, the present study intends
to modify the diesel engine to a biogas run DFM engine by installing a cross-flow heat
exchanger (CFHE) with the intake port as shown in Fig. 3.2. The CFHE consists of four
headers. Two of headers are attached to the vertical channel of the CFHE through which the
biogas-air mixture rushes into the combustion chamber due to suction. Another two headers
are firmed to the horizontal channel. The one header of this pair is connected to the exhaust
pipe and the other one is kept free to the atmosphere (Fig. 3.2). During the transportation of

fluids, heat is transferred from the hot exhaust gas to the biogas-air mixture.
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Fig. 3.2 Schematic diagram of the modified biogas run DFM engine

BFCV: Biogas flow control valve, FFM: Fuel flow meter, EGA: Exhaust gas analyzer; M: Manometer;
DLU: Dynamometer loading unit, LFF: Liquid fuel flow, PZ: Pressure transducer, T: Thermocouple

The added advantage of using of CFHE is that it ensures a homogeneous mixture of the biogas-
air mixture. The CFHE is designed in such a way that the depression of pressure is within the
allowable limits as specified in the engine manual (Table 3.1). In DFM, the exhaust pipe outlet
is divided into two segments by fabricating an angular (elbow shape) pipe attached to the
CFHE. Another segment is fixed with the calorimeter (Fig. 3.2). In order to control the liquid
fuel consumption, a fuel controlling mechanism is attached along with a damper. The damper
helps to reduce the engine vibration. The existing dual fuel engine setup that identical to Fig.
3.2 and the modified components of setup are presented in Fig.3.3.The green thick arrow lines
(Fig. 3.3) indicate the flow of the intake charge (biogas-air mixture) into the heat exchanger to
preheat and finally introduce inside the combustion chamber. While the red thick arrow lines
direct the exhaust gas flow through the CFHE and calorimeter. As the density of biogas is lower
than the air, therefore, the pipe attached to the biogas balloon is firmed upward. This is to utilize
the buoyancy effect to ensure the smooth flow of biogas into the main air stream.The valve-
timing diagram of the engine is shown in Fig. 3.4.

80
TH-2089_126103042



Chapter-3

The Engine Test Bed and Instruments

BFCV Biogas {low meter

I
# To control panel |l o

1
Flow, Pressure, Temperature,

Load, and RPM signals
Power supply to

all accessorics

PC-2

Fig. 3.3 Existing and modified experimental test setup

TH-2089_126103042

81




Chapter-3 The Engine Test Bed and Instruments

Fig. 3.4 Engine valve timing diagram

3.4 Experimental Procedure

The entire experimental investigation in the present study is divided into three parts as

indicated below:

o

o

Experiments in pure diesel mode (PDM)

Experiments in DFM using biogas as the inducted fuel and diesel as the pilot fuel to
optimize the global fuel-air equivalence ratio (@gioba) from part to higher loads.
Experiments in biogas DFM engine at the optimized ®gobar With intake charge

preheating using various liquid oxygenated fuels blended with diesel as the pilot.

The oxygenated fuels that are chosen in the present investigation are biodiesel, ethanol,

butanol, and diethyl ether (DEE). The blends prepared for their use as pilot fuel are:

Binary blends (BB) of diesel-ethanol

Ternary blends (TB) of diesel-biodiesel-ethanol (D-B-E)
TB of diesel-biodiesel-butanol (D-B-BT), and

TB of diesel-biodiesel-DEE (D-B-DEE).
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3.4.1 Engine Tests in PDM

The PDM operation is executed to make the foundation for the later experiments in DFM. In
PDM, pure diesel fuel is used to investigate the overall performance (performance, combustion,
and emission). The loads in terms of brake mean effective pressure (BMEP, bar) are considered
as 0.83 bar, 1.65 bar, 2.48 bar, 3.31 bar and, 4.14 bar (=100% load). The standard setting of
CR =175 and IT = 23 CAD bTDC are maintained throughout the investigation. The water
follows into the engine and calorimeter are adjusted at 300 kg/h and 100 kg/h, respectively, as
instructed in the engine manual. During the trial runs, it is observed that the whole system takes
about 15 minutes to arrive at the steady states. Consequently, to attain the states of
thermodynamic equilibrium, this time duration is maintained at each of the two successive
loads. After reaching to the thermodynamic equilibrium states, the data such as engine load,
rpm, temperature, air, and fuel flow rates, fuel line and cylinder pressure history are
automatically acquired through DAS. The sample of flue gas is then examined with a gas
analyzer (AVL, DiGas444n) by inserting the probe into the exhaust gas stream. The pollutants
quantify this analyzer are Oz, CO, CO2, HC, and NOx.

3.4.2 Engine Tests in DFM to Optimize the @giopal

In order to achieve an efficient DFM engine performance at the standard CR and IT of the
existing diesel engine, @gobal IS targeted as the crucial parameter. Therefore, in this section,
Dgiobal 1S Optimized where the experiments are carried out without preheating of the intake
charge. While the preheating has been done with the optimized @giobal to improve the DFM
engine performance. In all the tests, loads (BMEP) are varied from 0.83 to 4.14 bar and at the
engine standard CR = 17.5 and IT=23° bTDC. In DFM, biogas and diesel are used as the
primary and pilot fuels, respectively. A series of tests are conducted at different ®giobar as
represented in Table 3.3 to optimize this parameter (@Dgiobar). The minimum @goba is considered
based on the minimum biogas consumption (pilot fuel replacement > 20%). At the same load
during the trial run of biogas DFM engine, a drastic reduction in CPP is observed with the
increasing of @gional. Consequently, the maximum Pgional is considered at the point where the
biogas mass flow rate is maximum, and there is no enhancement of CPP from part to higher
loads. In addition, at this maximum @gional, there are the appearances of misfire sounds, engine
vibration due to the rate of change of acceleration, abrupt fluctuation of cylinder pressure and

engine speed.

The aim of the investigation thus is to optimize the biogas mass flow rate and @giona depending

upon the engine overall performance at each of the load at which the engine would give the
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comparable overall performance between part loads and higher loads. The investigation
conducted without preheating in DFM with the optimized ®giobal is designated as nr-DFM
(WOP). Whereas, for the case of with preheating, it is designated as nr-DFM (WP). In DFM,
the engine speed enhances upon supplementing of inducted gaseous fuel. Hence, a
sophisticated manual mechanism is attached to the engine governor to control the liquid fuel
consumption and the engine speed. The BFR is controlled with a biogas valve and biogas
flowmeter (Fig. 3.2). The preheating has been done with the optimized ®giobai. The preheating
temperature of 55+£2° C is chosen at the point where there is no appearance of knocking.
Moreover, the preheating temperature and the higher values of optimum @gienal are restricted
depending upon the maximum reduction of volumetric effeicency (VE) of 10%. This is to
ensure enough oxygen in the fuel-air mixture. The A CFHE is attached to preheat the intake
charge (biogas-air mixture) using exhaust gas as the hot fluid. It is observed that the whole
system between two successive loads takes about 30 minutes to arrive at the thermodynamic
equilibrium states. The composition of biogas used in this work is analyzed through gas
chromatography (GC). In the GC analysis, an approximate composition of biogas is found to
be consists of 40% CO» and 60% CH4 by volume. The data for all the independent parameters

are recorded three times both in PDM and in DFM, and the average data are presented in the

study.
Table 3.3 Optimization of ®giohal in DFM
Load in BMEP (bar)
0.83 1.65 2.48 3.31 4.14
¢global
0.29 0.35 0.40 0.47 0.53
0.30 0.36 0.41 0.48 0.54
0.32 0.38 0.43 0.49 0.55
0.34 0.39 0.44 0.50 0.56
0.35 0.40 0.45 0.51 0.58
0.38 0.43 0.50 0.52 0.59
0.40 0.44 0.52 0.56 0.61
0.42 0.46 0.53 0.60 0.63
0.50 0.50 0.56 0.63 0.65
0.60 0.63 0.62 0.66 0.67
0.69 0.71 0.72 0.73 0.75
0.74 0.76 0.78 0.79 0.80
0.87 0.87 0.88 0.89 0.89

3.4.3 Engine Tests with Preheating and with Binary Blend
The experiments in PDM are conducted similarly to that discussed earlier. The tests are carried
out in nr-DFM (WOP/WP) at the optimized ®giopal are also similar as discuss above. The same
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preheating temperature is maintained throughout the investigation as discussed above. In this
study, 5% ethanol by volume (chosen as the oxygenated fuel) is blended with 95% diesel fuel
to investigate the biogas DFM engine performance with preheating of the intake charge. The
blend is designated as E5. The engine operating parameters are similar to that have discussed
above.

3.4.4 Engine Tests with Preheating and with TBs

In the present investigation, the ternary blends (TB) are considered as D-B-E, D-B-BT, and D-
B-DEE. The experimental procedure to study the DFM engine performance, combustion, and
emission are discussed below.

(a) Engine Tests with D-B-E Blends

Here the comparative analysis has been made among the PDM, nr-DFM (WOP/WP) and the
DFM with various blends of diesel biodiesel and ethanol (D-B-E). Six blends of the TB of D-
B-E are chosen to optimize the best ternary blends of D-B-E to achieve the best results with
the preheating and at the optimized @gionar. The optimized blend is designated as TB-E and it
uses in the next comparative analysis. The detail discussion of the optimization of blends has
been made later in the respective chapters.

(b) Engine Tests with D-B-BT and D-B-DEE Blends

In this investigation, the overall comparative analysis has been made among PDM, nr-DFM
(WOP/WP), TB-E, TB-BT, and TB-DEE. The TB-BT and TB-DEE blends are prepared with
respect to the TB-E blend. The volume percentage of BT and DEE in TBs are considered
depending upon the amount of oxygen that is equal to that in ethanol in TB-E blend. The
biodiesel volume percentage is kept fixed in all the blends.

The design of experiments and the details of all fuel properties are discussed in the subsequent
chapters. The exergy analysis considering PDM, nr-DFM (WOP/WP), and ternary blends in
DFM have been done.

3.5 Summary

This chapter discusses the details of engine test bed both in PDM and in DFM. In order to
achieve the efficient results in DFM at the engine standard CR and IT, the necessary
modifications in DFM are also discussed in detailed. Finally, the conceptual techniques that
adopted to achieve the efficient engine overall performance with the implementation of the

various liquid renewable oxygenated fuels, have been introduced.
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4.1 Selection of Fuels

The analysis in this chapter is considered as the base study of the present entire research work.
The previous analysis and key findings from the literature review revealed that the parameter
Dgiobal Will have the acute influences on the overall performance of biogas run DFM engines.
Therefore, an assessment on the parametric study on impacts of @gionai OVer the other various
operating and performance parameters is essential. Hence, diesel is considered as the injected
(pilot) fuel, whereas biogas is used as the inducted fuel. It is to be noted that the biogas can be
used as the primary or secondary fuel. Hence, for biogas the term ‘inducted’ fuel is used. Most
of the properties of these fuels are quantified with the use of existing facilities available at
various laboratories in Indian Institute Technology Guwahati. In addition, some of the

properties of these fuels are collected from the reported work as shown in Table 4.1.

Table 4.1 Fuels Properties used in the present study (Porpatham, 2007; Nathan et al., 2010;
Yoon and Lee, 2011; Chen et al., 2013; Tutak, 2014; Rakopoulos et al., 2014; Zhang, 2016)

Properties Diesel Biogas
Chemical structure Ci2Hzs  Approximately (vol.) 60% CH4, 40% CO2
C (Wt.%) 84.7 -

H (wt.%) 15.3 -

O (wt.%) - -
Density (kg/m?®), at 32.2°C 824.91° 1.096°
Lower heating value (MJ/kg) 42.10% 19.1%
Cetane number 50 -
Kinematic viscosity (mm?/s, at 40°C) 2.54° -
Stoichiometric air-fuel ratio 14.942 6.172
Auto Ignition temperature (°C) 200-220 632-813
Flammability limits (% by volume of air) 1.5-7.6 7.5-14
Flame speed (m/s) 0.86 0.25

acalculated, Pmeasured

4.2 Design of Experiments

The literature demonstrates that the dual fuel diesel engine performance significantly
deteriorates in comparison to the PDM. The major deterioration of the engine performance has
been notified in the reported work at the part loads in comparison to higher loads in DFM. The
researchers conducted the investigation in biogas DFM with the aim of the consumption of a
higher amount of biogas. Consequently, they never found an efficient engine performance at
the engine standard CR and IT (Bora and Saha 2014, Bora and Saha 2015a, Bora and Saha

2016a). All most all the researchers use biogas as the primary fuel and liquid fuel (pilot) as the

87
TH-2089_126103042



Chapter-4 Results of Biogas Run DFM Engine Using Diesel and Optimization of @giopal

secondary fuel. Literature also reveals that the quantity and quality of the liquid fuel have the
great impact on DFM engine performance (Sahoo et al. 2009). It is also evident from the
literature that a higher rate of gaseous fuel mass consumption cannot improve the engine
performance, rather it deteriorates at some limits of pilot fuel replacement (Abd Alla et al.,
2000; Papagiannakis et al., 2003). In a DFM engine operation, higher the pilot fuel replacement
higher is the rate of consumption of the inducted gaseous fuel (Bora and Saha, 2015a; Bora and
Saha, 2016a). This attributes to the higher substitution of air with the induction of higher
amount gaseous fuel. Thus, the parameter @gonal that is the function of the mass of total fuels
(injected + inducted) along with the inducted air quantity, is chosen to optimize to achieve the
efficient biogas DFM engine performance from part to higher loads. Therefore, the aim of this
study is to optimize the parameter @gionar at all applied loads from part to higher. In order to
arrive at the aim and to resolve the problem in biogas DFM discuss above a set of ®giobal IS

considered at each of the loads from part to higher as shown in Fig. 4.1.

BMEP (bar)
0.83 1.65 248 3.31 4.14

Doiopal
029 035 040 047 0.53
030 036 041 0.48 0.54
032 038 043 0.49 0.55
034 039 044 0.50 0.56
035 040 045 0.51 0.58
0.38 043 0.50 0.52 0.59
040 044 0.52 0.56 0.61
042 046 0.53 0.60 0.63
0.50 0.50 0.56 0.63 0.65

Direction of investigation

0.60 063 062 0.66 0.67
069 071 0.72  0.73 0.75
0.74 076 0.78 0.79 0.80
0.87 087 0.88 0.89 0.89

Optimization of @y,pa depending
upon the DFM engine performance,
combustion and emission
Experiments with preheating
(55+£2°C) with the optimized @b
Comparison the results in DFM with
PDM

Fig. 4.1 Experimental matrix (at CR = 17.5, IT =23 CAD bTDC)

A\ 4

The zone indicated inside concentric grey box is the values of @gopy at
which there is no improvement of engine performance, combustion, and

emission and discuss later

The minimum @giobal is considered based on the minimum biogas consumption (pilot fuel
replacement should not be lower than the 20%). At the same load during the trial run of the
engine in DFM, a drastic reduction in CPP with the increasing of ®giobal, IS Observed.

Consequently, the maximum @gionar is considered at the point where the biogas mass flow rate
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is maximum, and there is no improvement of CPP from part to higher loads. In addition, at this
maximum value of @gienal, there are the appearances of misfire sounds, engine vibration due to
the rate of change of acceleration, abrupt fluctuation of cylinder pressure and engine speed. At
the optimize @gional, the experiments are conducted with the preheating of the intake charge.

The temperature limit is considered depending upon the zero appearance of knocking.
4.3 Optimization of @gobal

Figures 4.2 through 4.6 show the behaviour of performance parameters at various @gioba and
at various loads in DFM mode. It can be seen in Fig. 4.2 (at the load = 0.83 bar) that with the
increase of @gonal, the diesel replacement (DR), biogas flow rate (BFR), biogas energy share
(BES), CO and HC emissions are increased. However, there is a reduction of BTE with the
increase of @gionar. Nevertheless, in PDM, CO and HC emissions are found to be lower, while
the BTE is observed to be higher as compared to DFM. Therefore, in order to achieve the
efficient engine performance, the characteristic curves in Fig. 4.2 indicate that the @giobar (in
terms of DR, gaseous fuel consumption, and other performance parameters) must be lower at
lower loads. Another crucial issue is the inefficient engine performances in DFM at lower loads
with higher @gional in comparison to higher loads. Thus, it is necessary to confine @gjobal as the
key parameter within some limits at which a comparable overall engine performance can be
achieved between the part and higher loads. Moreover, at this limit of @giona and under different
conditions (e.g., use of oxygenated liquid fuel and preheating of the intake charge), there is a

prospect to achieve a PDM (base results) like overall performance in biogas run DFM engine.
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Fig. 4.2 Variations of DR, BFR, BTE, BES, CO, and HC with ®gjona (BMEP: 0.83 bar)
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Fig. 4.3 Variations of DR, BFR, BTE, BES, CO, and HC with ®gioha (BMEP: 1.65 bar)
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Fig. 4.4 Variations of DR, BFR, BTE, BES, CO, and HC with ®gyiona (BMEP: 2.48 bar)

The investigation in DFM with repeated (three times) experiments at each of the applied load
implied that the controlling of ®giobal at a single point is impossible due to change of the
experimental environment with respect to time and space. In addition, @gioba Can be increased
in a warm atmosphere of the intake charge and with the use of liquid fuel (e.g., ethanol, butanol)
which has the lower heating value. Thus, the best practice would be to identify the ranges of
Dgiobal at each of the applied load where an efficient engine performance can be achieved. At
the load of 0.83 bar (Fig. 4.2), the range of @Dgiobar (= 0.29-0.31) is indicated by the rectangular

green colored band (lower left corner). At this range of ®gional, the emission is found to be lower
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(indicated in dotted grey box), but sufficiently higher than the PD. However, with preheating,

the emission is found to be substantially lower than that of the without preheating. With the

preheating, the trends of the emissions (CO and HC) within this range of ®giobal are observed

to be decreasing in comparison to the case without preheating. The preheating effects are

discussed later in the following sections. However, due to higher emission and abrupt reduction

of BTE, there is no sufficient improvement in performance of DFM engine beyond this range

of @giobal €Ven with the intake charge preheating.
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Fig. 4.6 Variations of DR, BFR, BTE, BES, CO, and HC with ®giopa (BMEP: 4.14 bar)
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The emissions of CO and HC are kept approximately at 0.1-0.15 vol.% and 100-200 ppm,
respectively, at the specified range of @giona at all the imposed loads (Fig. 4.2 through 4.6) to
achieve the comparable results between the part and higher loads. The ranges of @gional at loads
=0.83, 1.65, 2.48, 3.31 and 4.14 bar are shown in Figs. 4.3 through 4.6 and the magnitudes are
found approximately as 0.29-0.31, 0.35-0.36; 0.40-0.43; 0.47-0.50 and 0.53-0.60,
respectively. The most interesting and important matter is that with the increase of applied
loads on the engine, the bandwidth of @gi0bar increases and the overall engine performance is
found to be improved. This means that the usability of gaseous fuel with the increase of applied
loads increases in DFM engine operation. The main reason of increasing bandwidth may be

due to the enhancement of average in-cylinder temperature that allows burning more fuels.
4.4 Results at Very High and at Optimize @giona With and without Preheating

In the previous section, the maximum of 0.63 of @giovar IS considered to be sufficient in the
analysis of the optimization of @giohai. However, it is necessary to unveil the biogas DFM
engine behavior beyond this limit and up to some higher values. The criteria of the maximum
allowable values of @giobal are discussed in the section “Design of Experiments.” The results
obtained for the case without preheating with optimizing @gionar IS also compared with the case
of intake charge preheating. In this section, engine performance, combustion and, emissions
are elaborated in the light of various important performance, combustion and emission

parameters.
4.4.1 Role of @gi0pa 0N Engine Performance

The BFR, diesel replacements
(DR), BES, and brake thermal BT @}

efficiency (BTE) are considered as

wn

the important parameters to explore

i

the DFM engine performance as a

s

function of @gioba and intake charge

[

preheating.

The characteristics of BFR in

Biogas Flow Rate (kg/h)

various conditions are shown in

without preheating

Fig. 4.7. The load of 0.83 bar is 0.83 4_|14

BMEP (b
considered as the part load and 4.14 (bar)

bar (maximum) is chosen as the Fig. 4.7 Variations of BFR with loads at various @giobal
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higher load. This is to compare the results among parts and higher loads. The variations of BFR

in the intermediate loads are
180 /F

.....
- .

observed within the range of loads
of 0.83 to 4.14 bar. At the part

load, the lower @gopar IS

—
(=33
<

.......
- -

—_ — =
L
o o O

considered depending upon the
value of DR>20%. The
consideration of the higher value

0.87

= N o]
e ]

of @Dgiopal IS already discussed in

N
=

Diesel Replacements (%)

Emmzanam(-67

.
P e e

the previous section. On the other 20
hand, as the ability to consumption 0
of biogas enhances at higher loads, 083 BMEP (bar) o

hence, the initial values of Pyiopai Fig. 4.8 Variations of DR with loads at various @giobal

are kept higher as compared to that

of the part load (Fig. 4.7). The @gional With the intake charge preheating is observed to be higher
as compared to the case without preheating. It may be due to the enhancement of the specific
volume of the air inducted. At part loads, the BFR is also observed to be higher in comparison
to higher loads with reference to the @gional. It may be due to the enhancement of cylinder mean
gas temperature (CMGT) at higher loads as compared to lower loads. At 0.83 bar, the BFR of
0.67, 0.73 (with preheating) and 3.99 kg/h are noticed at the @gioba Of 0.30, 0.31 (with
preheating) and 0.87, respectively. Whereas, at 4.14 bar the BFRs of 1.18, 1.27 (with

preheating) and 3.83 kg/h at the 200

.....
st .

i y
dgiobat Of 053, 058 (with _ 180 glotals
: : =< 160
preheating) and 0.89, respectively, g
) 140
are estimated. _E
7 120 .
[0}
The variations of DR with loads @100 S

are portrayed in Fig. 4.8. The DR

EEENEEE () 57

*]
=
=
increases abruptly with the gb
e

increase of ®giopal. However, with

the preheating the slight reduction 0

. . - 0.83 4.14
of DR is noticed. It can be seen in BMEP (bar)

Fig. 4.8 that the DR is very _ o _ _
- Fig. 4.9 Variations of BES with loads at various @giobal
sensitive to the @giobar rather than
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the loads. At 0.83 bar, the DRs of 30.69, 30.29, 66.43, and 90.56% are estimated at the @giopal
of 0.30, 0.31 (with preheating), 0.60, and 0.87, respectively. Whereas, at the higher load of
4.14 bar, the DR are estimated as 44.06, 37.37, 69.76 and 92.49% at the @giopar OF 0.53, 0.58
(with preheating), 0.67 and 0.89, respectively. The characteristic of BES is represented in Fig.
4.9, which is similar to that of the DR. The BES increases with the increase of @giobal. It may
be due to the higher amount of biogas consumption at higher @giobai and at higher DR. At the
part load of 0.83 bar, the BESs are found to be 46.69, 47.38, 87.57, and 97.55% at the
corresponding @giovar 0f 0.30, 0.31 (with preheating), 0.60, and 0.87. While, at 4.14 bar, the
BES are found as 50.68, 47.58, 78.42 and 96.24% at the ®giobal Of 0.53, 0.58 (with preheating),
0.67 and 0.89, respectively.

The variations of BTE with @giepal at different load are shown in Fig. 4.10. The analysis reveals
that the BTE reduces drastically with the increase of @gional. Hence, the results demonstrate that
there is a performance penalty of the biogas run DFM engine with the increase of @giobal. At
0.83 bar, the reduction of 65.31% of BTE is estimated with the increment of @gjoba1 from 0.30
to 0.87, relative to the Dgiopar OF

0.87. However, at 0.83 bar, with ~ _ 30_5 hbe %:appli‘fﬁiji%‘éii (ﬁ”

preheating (Pgiobal = 0.31), there is § P j;i} _‘22; ;;:

an increment of BTE of 5.72% as % 25_} s i

compared to the case without %20-; =

preheating (Pgiobat = 0.30). On the Té 15_5

other hand, at 4.14 bar, the BTE is E

found to be reduced by 55.21% for E 10

the enhancement of Pgiobal from g 5_ = _

0.53 to 0.89, relative to the @giopal : D.wSC],hkc. mr,ld 111:“: ———— T

of 0.89. However, at this higher 02 03 %4 0o gpﬂ'f: 07 98 09
el

load, the increment of BTE of

2.60% is noticed for the case with

Fig. 4.10 Variations of BTE with loads at various @gioal

preheating at @giobal Of 0.58 with respect to @giovar 0f 0.53 (without preheating). The BTE in
PDM is always observed to be higher than that in DFM. However, the maximum and similar
trend of BTE is noticed at the ®gionai/load (bar) of 0.31/0.83, 0.35/1.65, 0.42/2.48, 0.48/3.31
and 0.58/4.14 (bar) with preheating. Therefore, the @gobal 0f 0.31, 0.35, 0.42, 0.48, and 0.58
are considered to be the optimum with the intake charge preheating. The increment of @giobal

is attributed to the increase in biogas consumption that has a very high self-ignition temperature
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and lower LHV as compared to diesel. Thus higher the consumption of biogas means there will
be reduction of the cylinder mean gas temperature (CMGT), that slow down the pre-ignition
reaction rate and flame propagation (Hinton and Stone 2014, Nonaka and Pereira 2016). Hence,
the combustion efficiency deteriorates at higher @giovar. The behaviour of CMGT with @giopal
is discussed later. Consequently, the BTE reduces with the rise of @gional. At the optimum Pgjobal
and with preheating, the higher BTE, lower DR and BES attribute to the higher liquid fuel
energy share at all loads from part to higher. Therefore, there will be a huge scope to use various
promising liquid renewable fuels in a biogas run DFM engine to achieve more efficient engine
performance.

4.4.2 Role of @gi0nai 0N Engine Combustion

The combustion parameters such as ID, in-cylinder pressure and NHRR history, CD, CMGT
and cyclic variations of CPP are chosen to perform an in-depth analysis on the combustion
characteristics as a function of @gional, preheating temperature and applied load on the dual fuel
engine.

The characteristic of ID with load, @giobal, and preheating is shown in Fig. 4.11. The ID is found
to increase with the increase of @giobal. However, it reduces with the increase of load and with
the intake charge preheating.

The higher @govar for a 30 1 Pttt et
particular load and at a constant . =~ | O
. ¥ a2 |8
engine speed indicates the ﬁ ! A
W =]
: . . =204 _ = e SN
higher consumption of biogas. It > 2 =<:E= § SRR~ E
is known that the COz presentas 3 |54 =/< Z E&a 5 2 Jyemn 1)
N noogs 2 12 ol S Nl
the major component in biogas £ ?:::’: B jgl‘ﬁ\iii E
has higher specific heat. g /:’:’1 HH 2 /’% HH |
&1 2 . T
Therefore, higher consumption ™ 5 % E% ’““ho”t pwhe@;‘g
= 1
of raw biogas reduces the 0 / 'E/ o —
CMGT that slows the pre- 0.83 4.14

BMEP (bar)
ignition  reaction,  thereby

reducing the adiabatic flame Fia. 4.11 Characteristics of ID at various loads
temperature (Pizzuti et al. 2016). These attribute to the reduction of ID. At the part load of 0.83
bar, the drastic increment of 81.42% of 1D is found upon increase of @gional from 0.31 to 0.87.
While, at the higher load of 4.14 bar, the ID at the @gjonar 0f 0.53, 0.58 (with preheating), 0.67

and 0.89 are observed to be 14, 12.8, 15.5, and 19.2 CAD, respectively.
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The in-cylinder pressure history at the load of 0.83 and 4.14 bar relative to the engine crank
angle at various @gioba1 and at preheating temperature = 55 + 2° C are depicted in Figs. 4.12 and

4.13, respectively. The analysis

75
of pressure history reveals that ] D 0.83 bar
the cylinder peak pressure (CPP) Eﬁo 3
= ]
enhances with the applied loads }E ]
) ) =453
and falls drastically with the %45;
E
. H By ] g
increment of Dgioval. It is also =30 e "y,
observed that the crank angle & 1
position of CPP with the (3154 o 060 Swop N
. o, 074

increment of  @giepar  Shifts

AT 0 O e Pt 11
tOW&I’dS the I’Ight Slde Wlth — l-.O'—ll-’u:L lDl'L.S\l.] \:B,l\vII:P.—lU.l.ﬂ'balL),. oo lPuln.lDics.cllLB.M'LI: _-4;111-]3?1).
respect to top dead center (TDC) 3403036 SZ(I)) I

of the enginey/At thghart loadgy Fig. 4.12 Characteristics of in-cylinder

0.83 bar, the CPP (bar)/crank pressure at various CAD (AL = 0.83 bar)

angle positions (CAD) are found

as 52.56/368 (with preheating), 52.07/369, 49.37/369 and 43.19/372 at the ®giobal OF 0.31 (with
preheating), 0.30, 0.40 and 0.60, respectively (Fig. 4.12). At this part load and within the range
of @giobal 0f 0.74-0.87, the prediction of CPP (bar)/crank angle position (CAD) are observed to
be uncertained. It may be due to the higher biogas consumption at higher @giobal that stimulate

to occur more cycle-by-cycle variations of the CPPs.

The above discussion of the 75 ey

pressure history at the part loads

Sy
= S

o))
o

revealed that the @giobal must be
lower in order to achieve an

I~
4]

efficient DFM engine

w
o

performance. At 4.14 bar, the

inai~ 063

il

CPP (bar)/crank angle positions

—
an

In-Cylinder Pressure (bar)

—® - 0.80
(CAD) are observed as w089
62.84/367, 62.75/369, 0 —o— @i 038 (WD)

i@ PDM

60.65/370,  53.68/373  and 340 350 360 370 380 390 400
43.01/375 at the Cpglobal of 0.58 CAD
(with preheating), 0.53, 0.63, Fig. 4.13 Characteristics of in-cylinder
0.67 and 0.80, respectively as pressure at various CAD (AL = 4.14 bar)
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shown in Fig. 4.13. At this higher load, the position and magnitude of CPP at the @gjopal 0f 0.89
are noticed to be uncertained due to the higher biogas consumption, which leads to occur higher
cycle-by-cycle variations that are discussed later in this section. Consequently, the maximum
Dgiobal OF 0.80 can be considered as the limiting point to run the stable biogas run engine.
However, at this @giobal, the parameters like BTE and NHRR are observed to be substantially
lower in comparison to PDM. Therefore, it is not possible to improve the quality of the
performance of biogas run engine at the @gionar 0f 0.80. It may be due to the lower LHV, higher
self-ignition temperature, and CO> present in biogas reduce the CMGT that retard the pre-
ignition reaction rate and flame speed. Consequently, at higher @®giona, the CPP reduces
drastically and the position of the crank angle shifts from TDC (right side). However, the
preheating significantly heals these adverse effects of using biogas in DFM and this improves
the CPP. Nevertheless, with preheating, the shifting of CPP towards the TDC is a clear
indication to improve the combustion characteristics of the biogas run DFM engine. The
present analysis demonstrates that the DFM engines have to be run at some suitable range of
Dgiobal from lower to higher loads at which comparable results in comparison to PDM can be
achieved. The present study will define this range of @giobal at the end of the overall discussion.

At 0.83 and 4.14 bar, the variations of NHRR history (at various @giobai and with preheating)
with the crank angle are shown in Figs. 4.14 and 4.15, respectively. Since, in the estimation of
NHRR, the pressure is

the independent }‘?g
variable. Hence, as a = 100

function of @goha and

O
=

. . e BMEP = 0.83 bar
preheating, the similar >TDC LEl

) 70 —+— @, =040 (WOP)
trend of CPP in NHRR . " ~ 0.60 (WOP)
history is observed. 50 =0.74 (WOP)

: =0.87 (WOP)

Consequently, the 40 N — 0233 (PDM)
physical reasons of 30 =031 (WP)

20 =0.30 (WOP)

NHRR history are the

Net Heat Release Rate (J/C

10
similar to that of the in- 0 :
cylinder pressure 10 Frrrrperereprre R A et
history. At 0.83 bar, the 340 350 360 3?0 380 390 400 410 420 430 44
CAD
NHRR peaks

(JICAD)/crank  angle Fig. 4.14 Characteristics of NHRR at various CAD (AL = 0.83 bar)

position (CAD) are found as 48.47/363 (with preheating), 47.72/365, 46.61/366, 30.42/368,
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16.96/375 and 11.12/382 at the @gional OF 0.31 (with preheating), 0.30, 0.40, 0.60, 0.74 and 0.87
respectively. At this load, the peak value of NHRR in PDM is found to be 62.18 J/CAD at the
crank angle of 363
CAD. It is a noticeable
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peaks  (J/CAD)/crank CAD

angle - position (CAD) Fig. 4.15 Characteristics of NHRR at various CAD (AL = 4.14 bar)
are obtained as

96.77/362 (with preheating), 88.17/364, 78.08/365, 48.52/366, 30.44/377 and 21.71/378 at the
Pgiobal OF 0.58 (with preheating), 0.53, 0.63, 0.67, 0.80, and 0.89, respectively. Whereas at 4.14
bar, the NHRR peaks (JJCAD) and the corresponding position of peaks (CAD) in PDM are
found as 113.02 JJCAD and 360 CAD, respectively (Fig. 4.15). At 4.14 bar, the peak values of
NHRR in DFM are estimated to be substantially lower as compared PDM at the ®gjona 0f 0.80
and 0.89. Although, the previous analysis of CPP shows the possibility of a smooth run of the
biogas DFM engine at the @gional 0f 0.80 as compared to 0.89, however, the present study does
not recommend this @giobal (=0.80) as the performance parameter because of the attainment of

unsatisfactory results.

The characteristics of the CD as a function of @gienal, preheating temperature, and applied load,
is portrayed in Fig. 4.16. To calculate the CD, the start of combustion (SOC) is considered at
a point where the first NHRR = 0, JJCAD as can be seen in Figs. 4.14 and 4.15. The end of
combustion (EOC) is considered where the pressure rise due to combustion is equal to zero
(Stone, 1999). The CD in DFM is observed to be lower than the PDM with preheating.
However, at all loads in DFM, with the increase of @giovai, the CD is observed to increase in
comparison to PDM. Nontheless, the CD is observed to be lower at higher loads in comparison

to part loads. In general, the CD in DFM decreases with the increase of the gaseous fuel flow
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rate due to the faster-premixed combustion in presence of clean gaseous fuel (Mustafi et al.,
2013). Owing to the higher self-ignition temperature of biogas and deficiency of oxygen, there
is a reduction of CMGT. Hence,

L . 100 r—————
the pre-ignition reaction rate -

slows down and flame speed

reduces in presence of CO2 in
biogas with the consequence of
higher CD (Barik and Murugan,
2014; 2016). However, the
investigators (Barik and
Murugan, 2014; 2016) found
higher CD at higher loads due to
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the accumulation of the higher 0.83 4.14

BMEP (bar
amount of total fuel. Further, (bar)

they achieved a higher peak  Fig. 4.16 Characteristics of CD with loads at different ®giova
pressure in the DFM in

comparison to PDM. This is only possible when the weighted average of LHV in duel fuel
(biogas + diesel) is higher than the diesel fuel, else, there would be the accumulation of the
higher amount of total fuel. Consequently, the CD will be higher at higher load. Nevertheless,
with the preheating the CMGT increases (Fig. 4.17) that helps to occur the efficient
combustion. Accordingly, the CD reduces with the preheating of the intake charge.

The characteristics of the CD as a function of @gioai, preheating temperature, and applied load,
is portrayed in Fig. 4.16. To calculate the CD, the start of combustion (SOC) is considered at
a point where the first NHRR = 0, J/JCAD as can be seen in Figs. 4.14 and 4.15. The end of
combustion (EOC) is considered where the pressure due to combustion is equal to zero (Stone,
1999). The CD in DFM is observed to be lower than the PDM with preheating. However, at all
loads in DFM, with the increase of ®giobal, the CD is observed to increase in comparison to
PDM. Nontheless, the CD is observed to be lower at higher loads in comparison to part loads.
In general, the CD in DFM decreases with the increase of the gaseous fuel flow rate due to the
faster-premixed combustion in presence of clean gaseous fuel (Mustafi et al., 2013). Owing to
the higher self-ignition temperature of biogas and deficiency of oxygen, there is a reduction of
CMGT. Hence, the pre-ignition reaction rate slows down and flame speed reduces in presence
of COz in biogas with the consequence of higher CD (Barik and Murugan, 2014; 2016).
However, the investigators (Barik and Murugan, 2014; 2016) found higher CD at higher loads

99
TH-2089_126103042



Chapter-4 Results of Biogas Run DFM Engine Using Diesel and Optimization of @giopal

due to the accumulation of the higher amount of total fuel. Further, they achieved a higher peak
pressure in the DFM in comparison to PDM. This is only possible when the weighted average
of LHV in duel fuel (biogas + diesel) is higher than the diesel fuel, else, there would be the
accumulation of the higher amount of total fuel. Consequently, the CD will be higher at higher
load. Nevertheless, with the preheating the CMGT increases (Fig. 4.17) that helps to occur the

efficient combustion. Accordingly, the CD reduces with the preheating of the intake charge.

At 0.83 bar, the CDs are found to be 41.7 (with preheating), 43.6, 44.9, 48.7, 60.9, and 71.5
CAD at the @gionar 0f 0.31 (with preheating), 0.30, 0.40, 0.60, 0.74, and 0.87, respectively. At
the same load and in PDM, the CD is estimated at 44 CAD. At 4.14 bar, the CD is observed to
be 37.2, 41, 43.8, 46.5, 52.5, and 56.8 CAD at the @gional OF 0.58 (with preheating), 0.53, 0.63,
0.67, 0.80 and 0.89, respectively. At this load, the CD in PDM is found to be 50 CAD. The
higher CD in PDM at higher load may due to the accumulation of the higher amount of liquid
fuel. The lower CD in DFM may be due to the faster flame propagation at the elevated CMGT.

The variations of CMGT as a function of load, @gonai and preheating temperature is shown in
Fig. 4.17. It is observed that the CMGT reduces substantially with the increase of ®giobai, While

it is found to increase with 3500

.
global “,

preheating and with the increase
3000 e

.

of applied load. The parameter,

Therefore, the higher the in-

500 without preheating

cylinder pressure, higher will be

CMGT is the function of 2% e [ %

cylinder  pressure, initial 5’2000 %g 25 ) g

thermodynamic states of the %1500 ?gﬁ%ﬁig %E

intake charge and volume. UIOOO /%ﬁ%iii § iE
gm\m =1
Z

the CMGT. Hence, the physical 0 T
reasons behind the development BMEP (bar)

of CMGT are similar to that of Fig. 4.17 Characteristics of Peak CMGT

the in-cylinder pressure history. with loads and at different oo

However, the initial states of the intake charge in DFM would have the great role in the
development of CMGT. Thus, with preheating of the intake charge in DFM, the study achieves
a higher CMGT in comparison to without preheating. At 0.83 bar, the CMGTs of 1281.28 (with
preheating), 1262.18, 1202.53 and 955.47 K at the ®giohal 0f 0.31 (with preheating), 0.30, 0.60
and 0.87, respectively are estimated. At 4.14 bar, the CMGTs of 1679.67, 1649.61, 1615.18,
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1305.64 K at the Pgioval 0f 0.58 (with preheating), 0.53, 0.67, and 0.89, respectively, are found.
In PDM, the CMGTSs of 1303.22 and 1718.39 K are estimated at the loads of 0.83 and 4.14 bar,
respectively.

The coefficient of variation (COV) of indicated mean effective pressure is noticed to be
reduced monotonically with

30 - - —
loads as shown in Fig. 4.18. In : @4 Athigher @, e nr-DEM (WOP)
. ] HRN »r-DFM (WP)
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Z 153 go" 35 SN
been chosen. Nevertheless, very o "~ 1 4 s < g
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Fig. 4.19 Characteristics of Cyclic variations

rates in presence of CO.. It is to of CPP (AL: 0.83 bar) at different ®giosa
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be noted that higher @gi0bai means higher substitution of pilot fuel and corresponding higher
use of biogas amount. Thus, the CO> quantity in biogas will be higher at higher @gional. Hence,
these associated phenomena are attributed to the higher COV at higher @giobai. On the other
hand, the @giova has been optimized in such a way that there is not only the sufficient amount
of pilot quantity but also the engine gives an oveall improved performance under satble
condition. Consequently, the number ignition centres definitely will be more for the case of

optimum  @giobar.  The physical
BMEP = 4.14 bar —e— rjf’ =0.89

reasons behind the reduction of 1 ?&T ‘ﬂz; . =
V of IMEP with intake char 193k ‘** Ko T xx 2
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preheating was clearly addressed E %‘Zl average pressure line = 38.13 bar 3
- = 30
by Srinivasan et al. (2006). & 60

6 583 @, .., =067
56 &
The lower cyclic variation B 54 %-S!WR-QJ? ﬂ?aoj!f ?m?m,ﬂ S
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. . . — 1=

engine operation. The analysis of = 68 @, 053
. KL : —
the cycle-by-cycle variation of S 930, N VIS 1 S SN {1y S S
ST Bd el A ( Ahatd  Mdhdcd SO i 2
CPP is therefore essential ..;' 22 average pressure line = 62.48 bar =
regarding the use of higher- 3 34 =

S O _
octane gaseous fuels like biogas 2?,— —— P~ 058

. S 64 . ATIRA_ i~ SR D IDDD %,

in DFM. The characteristics of 62 NI ITR T Sy e S
. L. gg average pressure line = 62.95 bar o

cycle-by-cycle variations of CPP 36 Jrr—r—r—r et e et "

is depicted in Figs. 4.19 and 4.20 0 20 Numb4e?' of Cygl?es 80

at the loads of 0.83 and 4.14 bar, Fig. 4.20 Characteristics of cyclic variations

respective'y_ In the ana'ysisl a of CPP (AL 4.14 bar) at different Dyiobal

total of 80 cycles are taken to predict the cycle-by-cycle variations of CPP. At a particular load,
the variation is observed to be higher at the higher @giobal. However, it is noticed to be lower at
higher load. The analysis reveals that the @gional Should be as minimum as possible to achieve
the stable biogas DFM engine operation. Another important finding is that the cyclic variation
reduces considerably with the preheating. The higher CMGT at higher load and with preheating
are the probable reasons to reduce the cyclic variations of the CPP.

4.4.3 Role of @®giohal 0N Engine Emission

Emission is the consequence of the burning of the fuels used to generate the power in engines.
The careful diagnosis of emission to sustain the healthy environment of the green ecosystem is

thus necessary concerning the severity of the global warming and pollutants emitted in the
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environment. In this study, the emissions of CO, CO, HC, and NOx considered to be the

important parameters to diagnose the biogas DFM engine emission characteristics.

The CO emission in internal combustion engines is controlled primarily by the fuel-air
equivalence ratio (Heywood 1988). In presence of sufficient quantity of oxygen molecules, the
threshold temperature of 1450 K is required to initiate the oxidation of CO to CO: (Liu et al.
2013, Karagoz et al. 2016). The

_ 0-30 Y= 5FM (WOP), —o—-DFM (WP)
temperature of 1500 K is also 0.27 18— AL= 0.83 bar, = <> = AL= 1.65 bar, -=3#-- AL~ 2.48 bar

. A E = - AT= 3,31 bar, —-- Al=4.14 bar, —e—PDM
noticed to be the equilibrium  _ 243 o T g
= 3

. a~ 3
reaction temperature of the %0.21-;
reaction CO + OH = CO, + H  S0.18

= 3 / .
(Glassman and Yetter, 2008). '5 0154 g
Hence, the CO emission is the g 0'12'5 24 4 N
: _ 0.094 3~ - 2 -
function of the fuel-air 8 13 - =
) _ (.06 3 -
equivalence ratio, CMGT, and L \% .

availability of oxygen atoms. ¥
The characteristics of the CO

@giobal

emission as a function of Pgloba, Fig. 4.21 Characteristics of CO emission with @ and loads
preheating and applied load is

shown in Fig. 4.21. The CO emission is found to increase with the increase of @gjonar and reach
a maximum value at some magnitude of @gional after this the emission is observed to be reduced.

However, the cyclic variation at

higher @giobar is noticed to be 12
higher. The similar trend of CO 0
emission is also noticed by
Badar et al. (1999). It can be

seen in Fig. 4.21 that the CO at
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loads. It indicates that the ability of the biogas consumption in DFM increases with the increase
of loads. These initial values of @giohar at each of the loads are identified and conducted an
investigation to examine the nature of CO emission without preheating the intake charge (Fig.
4.21). These ®Dgioba/CO (vol. %) emission/load (bar) are found as 0.30/0.119/0.83,
0.36/0.146/1.65, 0.42/0.147/2.48, 0.50/0.152/3.31 and 0.57/0.142/4.14. Badar et al. (1999) find
similar trends of CO emission. At these nearest values of @gional, another investigation has been
carried out with intake charge preheating where a substantially lower CO emission is observed.
At 0.83 bar, the reduction of CO = 29.41% with the case of preheating is noticed in comparison
to the one for without preheating. While at 4.14 bar, with preheating, the CO is found to be
reduced by 65.49% in comparison to the one for without preheating. Hence, emission
performance of the biogas DFM engine can be improved from part to higher loads with
preheating and with the controlling of @genai. With preheating, the @giona/load (bar) are
estimated as 0.31/0.83, 0.35/1.65, 0.42/2.48, 0.48/3.31 and 0.58/4.14. However, at all loads,
the higher CO emission is noticed in DFM as compared to PDM. It may be due to insufficient

oxygen quantity, and the lower CMGT developed during combustion.

The variations of CO, emission are portrayed in Fig. 4.22. In the present investigation, CO is
found to increase with the increase of applied loads as well as with increasing of @giobal. The
increasing of CO> with the increasing of loads in PDM at a particular @giovar in DFM is the
clear indication of the improvement of the combustion efficiency. While the CO present in
biogas as the major constiunts causes a higher CO. emission at higher @gioba. There is a

significant improvement in CO>

1000 5 -
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Fig. 4.23 Characteristics of HC emission with @gioba and loads
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preheating), while without preheating, they are found to be 2.86/0.30, 3.85/0.40, 5.14/0.60,
6.65/0.74 and 7.79/0.87. Similarly, at 4.14 bar, the CO2 (vol.%)/®gioba are noticed to be
7.79/0.58 (with preheating), and without preheating, they are found to be 5.94/0.53, 7.39/0.63,
7.82/0.67, 9.23/0.80 and 0.89/10.1.

The variations of HC emission with @gienal, preheating, and the load is depicted in Fig 4.23.
The increasing trends of HC emission with the increase of @gional is NOticed with an exception
of slightly lower emission at the load of 4.14 bar. At 0.83 bar, the HC emission at the @gjobal Of
0.30 and 0.89 are found as 197 and 797 ppm, respectively. The lower CMGT and deficiency
of oxygen enhance the HC emission at part load. At 4.14 bar, the HC emissions are found as
100 and 378 ppm at the Pgional 0f 0.53 and 0.89 respectively. The lower HC emission at higher
load may be due to the faster pre-ignition reaction, faster flame propagation and the
corresponding development of higher CMGT. Due to the lower magnitudes of defined @giobal
(0.30, 0.34, 0.42, 0.48, and 0.57) as discussed above, the HC emission (without preheating) is
found to be lower. Further reduction of HC emission is observed with the preheating. At 0.83
bar (with preheating), the reduction of 14.21% of HC emission at the @®giobai Of 0.30 in
comparison to without preheating. At 4.14 bar and with preheating, the reduction of HC is

noticed to be 53.33% at the @giobal OF 0.57 as compared to the one without preheating.

Figure 4.24 shows the emission of NOy at various Pgiopal, preheating, and load. The emission
of NOx in DFM is found to be lower in all conditions. The emission is observed to have been

reduced with the increase of
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is achieved in comparison to PDM. The insufficient amount of oxygen, development of lower
CMGT and lower retention time of the combustion product in DFM make favourable
atmosphere to generate lower NOx in DFM as compared to PDM. The conversion of emissions
data measured in ppm and vol.% units to gm/kWh unit are presented in Appendix-D.

4.5 Summary

This study attempts to achieve a reduced emission characteristic of the dual fuel engine while
maintaining its performance competitive to its pure diesel mode. The key findings obtained in

this part of study at various @gioba and with intake charge preheating are summarized below:
Role of @giopai 0N Engine Performace:

= The results obtained in nr-DFM (WOP/WP) mode reveal the decisive influence of @giobal
on engine performance and pollutant emission. The ranges of optimum @gjonai/load (bar.)
are assesed as 0.29-0.31/0.83, 0.35-0.36/1.65, 0.40-0.43/2.48, 0.47-0.5/3.31, and 0.53—
0.60/4.14.

» The BFR (kg/h)/®giobal are varied within the range of 0.67/0.30 to 3.99/0.89. Within this
range of BFR (kg/h)/ @®gioba, the DR (%)/BES (%) are found in the range of
30.69%/46.69% to 92.49%/97.55%, respectively. At 0.83 bar, there is an increment of
BTE by 5.72% with preheating. At 4.14 bar, a reduction of BTE by 55.21% is noticed
(without preheating) on increasing the @giopal from 0.53 to 0.89; while with preheating,

there is an increment of BTE by 2.60% in comparison to the one without preheating.

= The analysis reveals that a lower @gional at part load and higher @giovar at higher load is
suitable for improving the biogas DFM engine performance. With preheating, the
optimum @gienai/load (bar) are observed as 0.31/0.83, 0.35/1.65, 0.42/2.48, 0.48/3.31, and
0.58/4.14.

Role of @giohai 0N ENngine Combustion

= |n the tested range of loads, the IDs are found to increase drastically with the increase of
Dglobal. At 4.14 bar, the increment of 1D with the increase of @giobar from 0.53 to 0.89 is
is found as 37.14%. However, with preheating, the ID is found to decrease.

= The CPPs are observed to be reduced drastically with the increase of @giona. With the
increase of @giobal, the crank angle positions of the CPPs are shifted toward right sides of
the TDC. However, with preheating, it shifts towards TDC. A drastic reduction of NHRR
is noticed at higher @giopal. At 0.83 bar, the peaks of NHRR (J/CAD)/®giobal are observed
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to be 47.72/0.30, 11.12/0.87. At 4.14 bar, the maximum (with preheating) and minimum
peaks of NHRR (J/CAD)/®gonar are noticed to be 88.17/0.53 and 21.71/0.89,
respectively.

= The CD is found to increase with the increase of @giobal. There is a drastic reduction of
CMGT at higher @giopal. At 4.14 bar, the reduction of CMGT is estimated at 20.99% on
increase of @gional from 0.53 to 0.89 relative to the dgional 0f 0.53. The COV of IMEP and
cycle-by-cycle variations of CPP are found to be higher at the higher @giopai. However, it
reduces with the increase of loads and preheating.

Role of @®giona 0N ENngine Emission

» At 0.83 bar (with preheating and at @giohai = 0.31), the reduction of CO by 29.41% is
noticed in comparison to the one without preheating. While, at 4.14 bar, there is a
reduction of CO (with preheating and @gioval = 0.58) by 65.49% as compared to the one
without preheating. The emission of CO> is observed to increase with an increase of
Pgiobal and with intake charge preheating.

= The HC is found to very high at higher @gionai. However, at optimum @giobal, With
preheating, the HC is found to reduce. At higher load (4.14 bar) and with preheating, a
reduction of HC by 53.33% is recorded. A drastic reduction of NOy is observed with the
increment of @gi00at. While, with preheating, the NOx is found to increase.
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Results of Biogas Run DFM Engine Using
Binary Blend (Diesel and Ethanol)

Chapter

Highlights:

¢ Ethanol as biofuel is
chosen to implement in
DFM

¢ Preheating and E-5 blend
are chosen as the main
parameters

e There is a shifting of the
peak of net heat release
rate (NHRR) towards left
relative to TDC

« With intake charge
preheating, various
renewable liquid fuels
blended with diesel can be

Overview: An exhaustive investigation has been carried out
to study the effects of preheating and the role of ethanol as
the oxygenated fuel blended with diesel. With preheating
and with E-5 blend, adequate improvements in engine
performance and combustion have been attained, whereas,
there is a substantial reduction of emissions with these
combinations of parameters. In combustion, the reduction of
ID, enhancement of CPP, and the higher peak of NHRR and
CMGT are noted with preheating and with E-5 blend. There
is also a drastic reductions in CO and HC emissions. A very
low emission of NOy is noticed in DFM as comparec to
PDM. However, a marginal increment in NOx emission is
noticed. Overall, the preheating and the implementation of
the renewable oxygenated fuel are unveiled as the most

used in the biogas run influential parameters to improve the DFM engine
DFM engine performance.
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5.1 E-5 (5% ethanol + 95% diesel) as Pilot Fuel

The analysis in the previous chapter reveals that there is a huge scope to use the renewable
oxygenated liquid fuels in a biogas run DFM engine to achieve the results competitive to PDM.
Hence, in the present study, ethanol is considered as the oxygenated fuel blended with the
diesel fuel. The properties of the individual fuels used in this investigation are presented in
Table 5.1. The volume percentage of ethanol is chosen as 5% (E-5) to blend with diesel fuel at
which there is no separation. The blend is prepared to observe the effects of oxygenated liquid
fuel on the performance of biogas run DFM engine. The properties of the blended fuel have

been evaluated with the use of Lever Law (Rakopoulos et al. 2016a).

Table 5.1 Fuels Properties used in the present study (Porpatham et al., 2007; Nathan
etal., 2010; Sahoo et al., 2011b; Yoon and Lee, 2011; Chen et al., 2013; Rakopoulos
et al., 2014; Tutak, 2014; Aleiferis and Behringer, 2015; Zhang et al., 2016)

Properties Biogas Diesel Ethanol
Approximately 60%

Chemical structure CH, 40% CO, (vol.%) C12H26 C:HeO
C (wt.%) - 84.7 52.18%
H (wt.%) - 15.3 13.04%
O (wt.%) - - 34.78%
Density (kg/m?®), at 32.2°C 1.096° 824.912 778
Lower heating value (MJ/kg) 19.18 42.102 26.8
Cetane number - 50 ~8.0
Kinematic viscosity (mm?/s, at 40°C) - 2.54P 1.2
Stoichiometric air-fuel ratio 6.17% 14.942 9.0
Auto Ignition temperature (°C) 632-813 200-220 423
;Igmmability limits (% by volume of 75-14 15-76 4.3-19.0
Flame speed (m/s) 0.25 0.86 0.42
Latent heat of evaporation (kJ/kg) - 250 840

acalculated, Pmeasured

5.2 Design of Experiments

The experiments are conducted in PDM, nr-DFM (without and with preheating), and in DFM
with preheating with the E5 blend as the pilot fuel. The parameters considered in the study are
defined in the experimental matrix as shown in Table 5.2. In PDM, only pure diesel is used as
the fuel. Here, the term nr-DFM means the investigations are carried out with pure diesel as
the pilot and biogas as the inducted fuel. Therefore, in nr-DFM, the experiments conducted
without and with preheating are designated as nr-DFM (WOP) and nr-DFM (WP),

respectively. Besides, in DFM, with E-5 blend, the experiment is also carried out with intake
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charge preheating. The preheating temperature of 55 + 2° C is considered by following the
same criterions that have discussed in the previous chapter. The investigation in PDM is
considered to be the base or target experiment. All the tests are carried out at loads of 0.83,
1.65, 2.48, 3.31 and 4.14 bar. At all loads, the test are conducted at the engine standard CR =
17.5and IT =23 CAD bTDC. Further, in DFM, experiments have been carried out at different
optimum global fuel-air equivalence ratios (@giobar) at each of the applied load that is illustrated
in the previous chapter. The optimum @giovai/load (bar) are found as 0.29-0.42/0.83, 0.35—
0.46/1.65, 0.40-0.52/2.48, 0.47-0.57/3.31, and 0.54-0.63/4.14 (=100%), respectively. The
estimated optimum @gepal in Nr-DFM (WOP) are used as a basis to investigate the engine
performance, combustion, and emission in nr-DFM (WP) and E-5 with the preheating of the

intake charge.

Table 5.2 Experimental Matrix

nr-DFEM
Parameters PDM (WOP) nr-DFM (WP)  E-5
Fuel Pure diesel = Diesel + Biogas ' Diesel + Biogas  E5 blend + Biogas

B qosa/Load (bar) 0.23/0.83-  0.29-0.42/0.83, 0.35-0.46/1.65, 0.40-0.52/2.48, 0.47-
global 0.48/4.14 0.57/3.31 and 0.54-0.63/4.14 only for the DFM

Preheating Temperature = Atmospheric  Atmospheric 55+ 2°C 55+ 2°C

5.3 Performance Analysis

The performance parameters are chosen as global fuel-air equivalence ratio (@giobal), premixed
fuel-air equivalence ratio (@premixed), BFR, BES, BSEC, BTE, and volumetric efficiency (VE)
to study the behaviour of the engine performance. In this investigation, E-5 blend and the intake
charge preheating are considered to be the key parameters. The experiments from part to higher

loads have been carried out at the specified ranges of ®giopal (Table 5.2).

The variations of @giohal and Ppremixed With the applied load on the engine at different states are
presented in Fig. 5.1. The ®gional is Noticed to be slightly higher with preheating in nr-DFM
(WP) than the nr-DFM (WOP), and for E-5 it is observed to be maximum. This is because of
the lower heating value of ethanol and the enhancement of specific volume of the intake charge,
which in turn, reduces the volume flow rate of air as well as biogas in contrast to nr-DFM
(WOP). However, to sustain the engine rpm, the liquid fuel consumption increases with the
consequence of an increment of @gional. Nevertheless, the @premixed reduces due to the reduction
of the gas volume flow rate at the engine intake port. On the other hand, the equivalence ratio
for PDM is found to be lower because of a very high quantity of air consumption. This implies
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that the diesel engine work
always in the lean atmosphere.
The @giovar ODbtained in this
analysis is presented in Fig. 5.1.

The characteristics curve in Fig.
5.2 depicts the variation of BFR
with loads at different operating
conditions. The BFR is found to
increase with the increase of
imposed loads, except that, it
reduces slightly at the load of
1.65 bar. This may be due to the
reduction of engine speed.
Though the study is carried out
with a constant speed engine,
however, the engine speed from
the applied load of 0 — 4.14 bar
is found to drop roughly by 50
rpm (Debnath et al. 2013a). This
be

drop is found to

0.7 ¢

0.6
05 E

0.4 F

(Dglobal

F ——FE-5
F —4— r-DEM (WOP)
[ —e—PDM

ar-DEM
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Prcheatling temperature = 35 £ 2° C
i . 1

=

)

R
T

o.12 L

[ —k—E-5
[ —2— 7r-DIM (WOP)

— ni-DFM
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1.65 2.48

BMEP (bar)

3.31 4.14

Fig. 5.1 Variations of equivalence ratios with loads

comparatively more at an applied load of 1.65 bar. As a result, the liquid fuel consumption

enhances which is evident in Fig. 5.3. It shows that at 1.65 bar, the energy share by biogas is

lower than that of liquid fuels
used in the investigation. On the
other hand, the BFRs in nr-DFM
(WP) and with E-5 blend are
found to be nearer to each other.
This is because of the same
preheating temperature of the
intake charge. The BFR is kept
lower at part loads and higher at
higher loads to acquire the
the
gaseous fuel. With preheating
and at the loads of 1.65 and 4.14

efficient utilization of
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Fig. 5.2 Variations of BFR with loads
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bar, the minimum and maximum BFRs are found to be 0.65 kg/h and 1.18 kg/h, respectively.
Whereas, in nr-DFM (WOP), the minimum and maximum BFRs are observed as 0.66 kg/h and
1.27 kg/h at loads of 0.83 and 1.65 bar, respectively.

Figure 5.3 shows the variation energy shares with loads. At all loads, the BESs are observed to
be lower than that of liquid fuel. However, with the increase of loads, there is a simultaneous

increment of BES and

60
decrement of the liquid fuel 582 &
enrgy share. These energy § 55‘; E
. 54 3 S
shares of the liquid and gaseous g 3 £ @7
= 323 —6— nr-DFM (WOP) o E45 5,
fuels have been manifested on @ ¢, 3 e E 40 &
- 50 3 - o 40 5
Dglobar as discussed above. Atall &5 48 3 —A—E-5 }WP f“f 35 5
_ £ 40 45— n-DPM (WOP) / E 20 o
the applied loads, the energy Fﬁ 16 i ~~ : U
. iy 4 s 44 3
o =14} =
shares with preheating in nr EPYE
DFM (WP) and E-5 blend are = 40 3
found to closer to each other. 38 4
_ _ 0.83 1.65 248 331 414
The maximum BES is evaluated BMEP (bar)
as 51.48% at 4.14 bar in nr- Fig. 5.3 Variations of BES and
DFM  (WOP), while the liquid fuel energy share with loads

minimum is 39.52% at 1.65 bar with E-5 blend. At 4.14 bar with E-5 blend, the energy share
by biogas is found to be 45.23%. Whereas, the energy shares with the liquid fuels at all the

applied loads on the engine are noticed to be above 50%. However, at the load of 4.14 bar and

in  nr-DFM  (WOP), the 10 :
. ] W\ PDM YA, nr-DFM (WOP)

minimum energy share of the 9-E == ,,»-DFM (WP) [INHI E-5
diesel fuel is found to be 8 3 N

herefore, the stud 73 s i
48.52%. Therefore, the study = '3 7 N\
identifies  biogas as the i ?: Q ‘2 E 37
secondary fuel and the liquid & 4_ s E%E \ S/_
fuel as the primary fuel to 3 5 s E/E s S%E
achieve the efficient utilization 2_ E E%E s E%E
of the fuels in DFM. 1- s E/E s S/E

O_= = = E =

The charateristics of CA50 1.65 4.14

BMEP (bar)

Fig. 5.4 Characteristics of CA50 with the load

(defined as the crank angle of

50% cumulative heat release)
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with loads is shown in Fig. 5.4. In PDM, the CA50 is noticed to increase with the increase of
load. It may be due to the enhancement of diesel consumption with load. The similar results
have also been observed by Li et al. (2018). Whereas, in DFM, the CA50 is found to reduce
with the increase of load. The advanced CA50 is observed with E-5 as compared to one with
nr-DFM (WOP) and (WP). It is

to be noted that the investigation '_;:? _A < E::-SDFM }WP

with E-5 in DFM is associated H 10_§>|< A pr-DFM (WOP)

with the preheating of intake § g_f M

charge. The advancing of g/ 8- Preheating temperature = 55 + 2° C

combustion phasing (CA50) % 7_

with ethanol addition has also % 6_ )%é

been observed by Masimalai % 53 >,

and Nandagopal (2016) and & 43 = %
Kanga et al. (2019). Although, — 33— e e, AR .

the engine in DFM is operated at g5 o BM]%f’Lg(bar) = iy
sufficiently lean  conditions Fig. 5.5 Characteristics of BSEC with the load

(Dgiovar ~0.32-0.59), however,

there might be the slowdown of reaction rate in presence of CO; in biogas. Thus, the
oxygenated fuel (ethanol) blended with diesel improves the combustion quality in the preheated
atmosphere of the intake charge and helps to advance the CA50.

The variations of BSEC in different states are illustrated in Fig. 5.5. At all the applied loads,

the lower value of BSEC is

observed in PDM and higher in ;@30.5 CR:17.5

nr-DFM (WOP). The BSECs in E J1T:23:b1DC

nr-DFM (WP) and with E5 5257 X
blend are found to lie in between 520_5

PDM and nr-DFM (WOP) -

engine operation. With §15-§ >I< E:DFM}WP
preheating, the BSEC with E-5 ﬁ ] A nr-DFM (WOP)
blend is found to be stightly 'O —e—PDM

lower than that in nr-DFM E 5:. _____ : 'Pre!lef:ltinlgt@?p_er?u_lr?:'S:S.i'zci(E
(WP). It may be due to the 0.83 1.65 2.48 3.31 4.14

BMEP (bar)
improvement of combustion in

Fig. 5.6 Characteristics of BTE with the load
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the presence of ethanol in the warm environment. At 4.14 bar, the BSEC in PDM, nr-DFM
(WOP), nr-DFM (WP) and with E-5 blend are found to be 3.27, 3.99, 3.91, and 3.84 kJs*/kW,
respectively.

Figure 5.6 shows the variations of BTE with loads in PDM and in DFM engine operation. The
BTEs in PDM in comparison to DFM are noticed to be higher at all imposed loads on the
engine. The major factor for the lower BTE in DFM in contrast to PDM is the lower volumetric
efficiency and the higher specific heat of CO> present in biogas that reduces the adiabatic flame
temperature with the consequence of lower laminar flame speed (Pizzuti et al. 2016), higher
auto-ignition temperature of biogas that cools the combustion chamber walls. However, at the
applied load of 4.14 bar, BTE in nr-DFM (WP) and with E-5 blend with respect to nr-DFM
(WOP) are evaluated as 1.75% and 2.98% higher. The BTEs with E-5 blend are found as
9.70%, 16.45%, 20.76%, 23.82%, and 25.91% at the corresponding loads of 0.83, 1.65, 2.48,
3.31 and 4.14 bar, respectively. Whereas, in nr-DFM (WP), the BTEs (%)/load (bar), are
estimated as 9.51%/0.83, 16.41%/1.65, 20.71%/2.48, 23.81/3.31 and 25.60%/4.14. The higher
efficiencies with E-5 blend may be due to the release of extra oxygen during the combustion
process. The properties of biogas and ethanol indicate that both the fuels have the higher self-
ignition temperature. Hence, the preheating of intake charge helps to augment the combustion
process inside the cylinder. As a result, the advanced CA50 is noticed with E-5 as compared to
nr-DFM (WOP)/(WP) in DFM. Nevrtheless, the CD with E-5 is observed to be marginally
higher than the one in nr-DFM (WP). This probably helps in sustaining the reaction over the
short period. The BTEs achieved in the present study are substantially higher than those
obtained by Debnath et al.

86
(2014a) and Bora and Saha 3
(2014). However, the authors ;?84_5,3 . N
. + 7 823 A
had done their investigation e A
with a very high mass 280K * ¥ %
SR
consumption rate of biogas. 5784 X
[5Y ]
- - 76—: 5
The VEs are noticed to be % 3 7-DEMY
£ 743 ¥ E-5
decreased with the applied load % 3 A pr-DFM (WOP)
on the engine in all mode of > 72-5 . PDM
] Preheating temperature = 55 £ 2° C
engine operation (Fig. 5.7). The 70 s rr T U T T
) ) 0.83 1.6 2.48 3.31 4.14
reasons are the slight drop in BMEP (bar)
engine speed, trapping of Fig. 5.7 Characteristics of VE with the load
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residual gas in the engine clearance volume, enhancement of cylinder mean gas temperature
(CMGT) and boost of heat flow into the inducted air-stream with the increase of loads.
However, the drop in VE is found to be more in DFM and observed higher with preheating. In
DFM, the same volume of air is replaced with an equivalent amount of inducted biogas. On the
other hand, preheating enhances the specific volume of the inducted air. Hence, in DFM and
with preheating, the reduction of VEs are found to be more in comparison to without
preheating. On the other hand, owing to the same intake charge temperature, the VES in nr-
DFM (WP) and with E-5 blend are found to be closer to each other. Physically, the VE does
not depend on the characteristics of fuel rather it depends on the physical states
(thermodynamics) of experiments. The same characteristics curves of VEs are also observed
with nr-DFM (WP) and with E-5 blend. At 4.14 bar, the reductions of 6.19% and 5.98% are
noticed with nr-DFM (WP) and with E-5 blend, respectively with respect to the PDM, whereas
in nr-DFM (WOP) the reduction is found to be 1.31% only.

5.4 Combustion Analysis

The parameters considered in the combustion analysis are ignition delay (ID), cylinder
pressure, net heat release rate (NHRR), combustion duration (CD) and peak cylinder mean gas
temperature (PCMGT).

The ID is the ignition time duration in between the end of liquid fuel injection and the start of
combustion (SOC). This ID is true for the liquid fuel only. Hence, there is another ID for the
gaseous fuel in DFM that is defined as the ignition time difference between the end of premixed

combustion phase of the liquid

fuel and the SOC of the gaseous 21 TTtake chargs temperature =35 22 °C

fuel (Nwafor 2003). The ID in A18—§ zgz fiDFM}WP

DFM is indicated between the 5:15— B »+-DFM (WOP) EEC3I

points where the cylinder %12_ 3 Q s

pressure starts to decrease (end Z‘f ?E s :':: N i g ;E:

of premixed combustion phase g 9_ Eis s Eg i s i s

of the liquid fuel) and reach at ?D 6'; Eii s Eg § i s Eﬁ

lowest value from which the = 3_ Eii s Eg § s s i

pressure again start to rise (SOC 05 o8 Nl § N \ ‘ t
0.83 1.65 248 3.31 4.14

of the gaseous fuel) (Nwafor 3.
BMEP (bar)

2003). However, there is a
Fig. 5.8 Variations of 1D with the load
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probability to origin the flame front from pilot fuel after immediate SOC. Therefore, the SOC
of gaseous fuel can be started before the end of the premixed combustion phase of liquid (pilot)
fuel. Consequently, it is very difficult to identify the 1D of the gaseous fuel. Therefore, in the
present study, the point of the ID of the gaseous fuel on the cylinder pressure history curve
remains unidentified. Hence, the SOC in the present study is considered at the point where the
NHRR =0, JJCAD and from which rises to its maximum magnitude (Figs. 5.11 and 5.12).

The variations of ID with loads are shown in Fig. 5.8. The ID in PDM is found in decreasing
trend with the increasing of loads. In PDM, a reduction of 18.2% of ID is noticed on increasing
the load from 0.83 to 4.14 bar. While, in DFM, the ID is noticed an increasing trend with the
increasing of loads. It is due to the effects of optimization of @giopai ON €ngine combustion. The
parameter @giobal IS Optimized with the consideration of improvement of combustion with the
switching of part loads to higher loads. Consequently, the @giobar is kept in an increasing trend
with the increase of loads to increase the corresponding biogas consumption rates. Besides
biogas has very high self-ignition temperature and ignition inhibitor CO2 presents as the major
constituents in biogas. These attribute the higher IDs in DFM and also the higher IDs at the
higher loads. The maximum increase of ID is observed to be 28% in nr-DFM (WOP) with the
increase of loads from 0.83 to 4.14 bar, relative to 0.83 bar. The IDs in nr-DFM (WP) and with
E-5 blend are noticed to be similar. However, it is found to be 7.46% lesser than that in nr-
DFM (WOP).

At the optimum @Dgiobal, the characteristics of the engine (in PDM and DFM) in-cylinder
pressure history at the loads of 1.65 and 4.14 bar are shown in Figs. 5.9 and 5.10 respectively.

The lowest pressures at all loads 80 =

At optimum @,_rf’m‘mf

are depicted in nr-DFM (WOP). — E '
P ( ) 5 703 BMEP: 1.65 bar

It may be due to the higher self- < ¢, _

ignition temperature of biogas, 50 3
higher amount CO2 in biogas 40_§
that behaves like a flame 10

~+or+ pr-DFM

-

=

7]

-¥]

[

=9

=
extinction agent and lower LHV £

= WP

-

<

=

i

: 204 L5
of biogas. Therefore, more o - r-DFM (WOP)
shifting of the corresponding 0'; “—PDM
0 3 Preheating temperature = 55 + 2°C

crank angle position of the CPP
330 340 350 360 370 380 390 400

towards the right side (relative CAD

to TDC) is also noticed at all Fig. 5.9 Variations of in-cylinder

operating loads in nr-DFM pressure with CAD (AL: 1.65 bar)
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(WOP). However, at 1.65 bar, in nr-DFM (WP), there is a rise of CPP of 2.4 bar is noticed as
compared to nr-DFM (WOP).
This  attributes  that  the
preheating  augmented  the
combustion in nr-DFM (WP).
At 1.65 bar, the intermediate but
sufficiently higher pressure with
E-5 blend than in nr-DFM
(WOP) is achieved. With E-5

oo
o]

At optimum @mmf

BMEP: 4.14 bar

h SN =
o o o

sl
=

- nﬁ’fDEM WP
ES

]
o

In-Cylinder Pressure (bar)
I
o]

blend, the maximum CPP is 03 ff—r;;i)ﬂFM(\\fOP)

found to be 55.3 bar, which is . Preheating temperature = 55 + 2°C
1.6 bar lower than-that ofgn= 330 340 350 360 370 380 390 400
DFM (WP). It may be due to the CAD

lower LHV and higher heat of Fig. 5.10 Variations of in-cylinder

vaporization of ethanol than pressure with CAD (AL: 4.14 bar)

diesel fuel. However, the position of the peak with E-5 blend is noticed to be similar to that of
PDM. The reason may be the effects of preheating which reduces the ID of the E-5 fuel in
DFM. Nevertheless, at the maximum load of 4.14 bar, the CPP with E-5 blend is found to closer
to that of the CPP with preheating in nr-DFM (WP). The shifting of CPP at higher loads from
the TDC towards right side is noticed to be higher as compared to the crank angle position of
the CPP at the part loads. It may be due to the increasing diesel consumption with the increase
of loads in PDM. While, in DFM, this shifting of CPP may be due to the simultaneous
increasing consumption of liquid (diesel and blended fuel) and biogas with the increase of
loads. At 4.14 bar, the CPP (bar)/CAD in nr-DFM (WOP), nr-DFM (WP), with E-5 blend and
in PDM are found as 65.1/371, 68.1/370, 66.2/369 and 72.3/368, respectively.

The NHRR is the consequence of the rigorous ignition reaction of the fuel. The NHRR starts
at some suitable thermodynamic states that prevail in the combustion chamber. It is ended
either after the complete burning of the fuel or due to the bulk extinction of the flame front.

The maximum release of NHRR is always desirable.

The NHRR history inside the cylinder is portrayed in Figs. 5.11 and 5.12. The release of heat
and the development of pressure are physically interrelated to each other. Nevertheless, the
physical reasons behind the release of heat and development pressure inside the cylinder are
similar. However, the position of the crank angle of the NHRR peak has the crucial role in the

development of the CPP and the corresponding utilization of higher expansion energy. At the
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part load of 1.65 bar and in DFM, the lowest, maximum, and intermediate NHRRs are noticed
in nr-DFM (WOP), nr-DFM

(WP) and with E-5 blend, }ﬁg Preheating temperatute = 35+ 2°C
respectively. At this load, the 96 Atoptimum &,
maximum NHRR of 74.93 5 j;‘ i e
JICAD is observed in PDM. At % -

the load of 1.65 bar, there is an é 48 --Q---Ei-SDFM}WP
increment of NHRR of 0.74% m 36 —¥— nr-DFM (WOP)
and 12% estimated with the E-5 ~ ?;’

blend and in nr-DFM (WP), 04

respectively, in comparison to —

340 350 360 370 380 390 400 410
the nr-DFM (WOP). The CAD

marginal increment of NHRR
with the E-5 blend may be due

Fig. 5.11 Variations of NHRR with CAD (AL: 1.65 bar)

to the lower LHV and higher heat of vaporization, higher self-ignition temperature of biogas
that already has been discussed above. On the other hand, the significant improvement of
NHRR in nr-DFM (WP) is due oo

to the augmentation of 108

At optimum c;t‘bg P

combustion with the intake 96

i BMEP = 4.14 bar
charge preheating. However, the

reductions of NHRR in nr-DFM
(WOP), with E-5 blend and in
nr-DFM (WP) in comparison to
that of PDM are assessed as
39%, 38.45%, and 31.50%,

respectively. The crank angle

. 340 350 360 370 380 390 400 410
positions of the peaks (CAD) of CAD

the NHRR are found as 363,
361, 360, and 359 in nr-DFM
(WOP), with E-5 blend, in nr-DFM (WP) and PDM, respectively. At the higher loads, the
substantial improvement in NHRRs is noticed. At the load of 4.14 bar, the NHRRs
(JJCAD)/CAD are attained as 79.12/364, 80.12/358, 81.25/357 and 91.6/357 in nr-DFM
(WOP), with E-5 blend, in nr-DFM (WP) and PDM, respectively. It is reflected in the results
at this higher load that there is more shifting of the crank angle positions of the NHRR peaks

Fig. 5.12 Variations of NHRR with CAD (AL: 4.14 bar)
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to the left side relative to TDC. This attributes the higher utilization of the expansion energy at

higher loads.

The variations of CD are shown in Fig. 5.13. The lowest CD is noticed with the preheating in
comparison to that in nr-DFM (WOP), with E-5 blend, and in PDM. In addition, with

preheating CD is noticed to

reduce with the

loads. However, the CDs are
observed to increase with the
increase of loads in PDM and in
nr-DFM (WOP). Overall, the
lower CDs are attained in DFM
than PDM. As there is no flame
propagation and due to the
longer diffusion combustion in
PDM, the CD is found to be
higher in PDM than DFM. In
DFM, with preheating the CDs

increase of
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with E-5 blend and in nr-DFM (WP) are estimated to reduce by 14.3% and 10.79% upon

increasing of loads from 0.83 to 4.14 bar, respectively. Whereas there are the increment of CDs
of 11.63% and 13.64% in nr-DFM (WOP) and in PDM relative to nr-DFM (WP) respectively,

are noticed.

The variations of the PCMGT
with loads are shown in Fig.
5.14. The PCMGT is one of the

crucial

analysis of the combustion

characteristics of the internal

combustion

PCMGT has the proportional
relation with the development of
CPP. Hence, the higher the CPP
higher will be the PCMGT. The
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higher values of PCMGT is desirable in order to have the lower combustion irreversibility
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(Som and Datta 2008), higher flame speeds, to curtail the pollutant emission except for the case
of NOx emission. The preheating is found to be an efficient technique to enhance the PCMGT.
In all the modes of engine operation, PCMGT is noticed to increase with the increasing loads.
However, at a particular load, there is an increment of PCMGT with preheating. At 0.83 bar,
the increment of PCMGTs with E-5 blend and in nr-DFM (WP) than in nr-DFM (WOP) are
found as 9.43% and 11.07%, respectively. While at the maximum load of 4.14 bar, these
increments are observed as 13.28% and 14.03%, respectively. The PCMGT in all loads are
found to be higher in PDM.

5.5 Emission Analysis

The variations of carbon monoxide (CO), unburnt hydrocarbon (HC) and oxides of nitrogen
(NOy) are depicted in Figs. 5.15, 5.16 and 5.17, respectively. The emission of CO in DFM
reduces with preheating along with the applied load. Whereas in PDM, it is reduced with the

increase of applied loads on the

engine (Fig. 5.15). However, in Ei i Preheating temperature = 55 £ 2° C
n-DFM  (WOP), the CO  —~ .
N 0.]4-:
emission is found to increase = ] nr-DFM
_ : _ 50.12 E b }WP
with the increase of loads, which 20104 A— nr-DEM (WOP)
& E :
reduces slightly at the maximum £ g ] o 0
load of 4.14 bar. In nr-DFM & .06 ]
=) E
(WP) and with E5 blend, the CO ©0.04
emission is found to be slightly 0.02 3
higher than that of PDM. 0.83 1.65 2.48 33 4,14
BMEP (bar)

Nevertheless, the CO at the

animum load of 4.14 bar vt Fig. 5.15 Variations of CO emission with load

E-5 blend is noticed to be marginally lower than the emission in PDM. Although, the CO
emission in nr-DFM (WP) is found to be higher than that in PDM, however, it is observed to
be substantially lower than that in nr-DFM (WOP). At 4.14 bar, the reduction of CO emissions
in nr-DFM (WP) and with E-5 blend in comparison to nr-DFM (WOP) are noticed to as 65%
and 82.9%. At this load, with E-5 blend the CO is found to be reduced by 17.2% in comparison
to PDM. At the part load of 0.83 bar, the CO emission with nr-DFM (WP) and with E-5 blend

are observed to be reduced by 23.6% and 34.5% relative to one in nr-DFM (WOP). At this part
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load, however, the CO with E-5 blend is noticed to be 12.5% higher as compared to one in
PDM.

The main reasons of CO emission in a diesel engine are due to the effects of blowdown
(Heywood 1988), lower peak cylinder means gas temperature (PCMGT) (>1450 K) (Heywood
1988). The blowdown drastically reduces the peak cylinder pressure as well as PCMGT at the
exhaust port that breaks down the chemical equilibrium reactions (Heywood 1988) in which
CO is converted into CO,. However, the key reasons of CO emission in DFM engine may be
due to the lower PCMGT, higher gaseous fuel consumptions, and deficiency of oxygen.

The reported studies (Liu et al. 2013, Karag6z et al. 2016) notified the PCMGT of 1450 K as
the threshold temperature at which the oxidation of CO to CO: starts and the PCMGT 1500 K
is considered to be the temperature at which the reaction (CO + OH = CO, + H) comes at the
equilibrium state (Glassman and Yetter, 2008). Sjoberg and Dec (2005) noticed a negligible
emissionof CO within the range of PCMGT of 1500 —1800 K. The effects of @gjoba 0n PCMGT
has also been discussed in the previous chapter. It is observed that there is a drastic reduction
of PCMGT with the increase of @giobal. Hence, the present study achieves best results with the
optimization of @gional from part to higher loads under the influence of preheating and with the
use of oxygenated fuel. It is known that the use of higher-octane gaseous fuels in diesel engine
reduces both cylinder peak pressure and PCMGT. Therefore, it is essential to take special care
whenever the gaseous fuels are chosen to perform the investigation in DFM engine operation.
Moreover, in nr-DFM (WOP), the CO emission generally increases due to the lack of oxygen.
Hence, the analysis reveals that with preheating and with the E-5 blend, the emission of CO
reduces due to higher cylinder peak pressure, higher PCMGT, and release of extra oxygen in
the presence of ethanol.

The emission of unburnt hydrocarbon (HC) is the consequence of the incomplete combustion
of the fuels used to run the engine. The reasons, favor to generate the emission of HC, are the
formation of locally over-rich or over-lean mixture, bulk quenching or extinction of the flame
front at the wall of the combustion chamber due to the formation of boundary layer, formation
of the crevice volumes inside the combustion chamber (Heywood 1988) and the insufficient
oxygen present during combustion process. In crevice volume, the compressed fuel is trapped
at the corner of the cylinder during compression process and do not take part in the primary
combustion process and emits as the unburnt HC (Barik and Murugan 2014). The detailed

discussion of the crevices in the combustion chamber is elaborated by Alkidas (1999). The
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emission of HC in Fig. 5.16 is shown in decreasing trends with the increasing of applied load
on the engine. At higher load, the lowest emission of HC is observed with the E-5 blend in

comparison to the one in PDM.

240 =
However, this emission with E- 1 nDEM Y
5 blend is found to be higher at =200 - —— 7r-DFM (WOP)

part loads than that in PDM. The e

maximum emission of HC is
observed in nr-DFM (WOP) and
intermediate in nr-DFM (WP) as
compared to PDM. At the load
of 4.14 bar, the reduction of
31.11% of HC with E-5 blend is I, o o B P P |
o 0.83 1.65 2.48 3.31 4.14
noticed in contrast to PDM. BMEP (bar)

However, at this load, the

—

™

e}
|

80 3

HC Emission (ppm
— :
o
1

40 =
Preheating temperature = 55 £ 2° C

Fig. 5.16 Variations of HC emission with load
increments of HC emission in

nr-DFM (WP) and in nr-DFM (WOP) with respect to the one in PDM, are found as 75.6% and
191.11, respectively. The higher HC emission in nr-DFM (WOP) may be due to the lower LHV
of biogas, the higher self-ignition temperature of biogas that cools the combustion chamber
wall, substitution of air by same volume of inducted biogas and deficiency of oxygen at the
time of combustion. The lower HC emission in DFM with preheating and with E-5 blend is

due to preheating of intake

charge and release of extra o ”F-DFID}WP
oxygen in the presence of ’EIOOO‘E i :]:r:-SDFM (WOP)
ethanol, promoting an efficient g §+PD N ¥
combustion. g 750';

4 3
The emission of NOx is found to 5 500 .
increase with the increase of &° ]
load as shown in Fig. 5.17. The ~ *~ 250‘; X A
emission in DFM in comparison B pocing mmpeamies 555250
to PDM is found to be lower in ’ OIS’% o '] I65 ¢ 2}48 e 35] e ,'_1"14
all conditions. However, the BMEP (bar)
NOy emission is found to be Fig. 5.17 Variations of NOx emission with load

higher in DFM with preheating and with E-5 blend and lower in nr-DFM (WOP). At the load
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of 4.14 bar, the reduction of NOx in nr-DFM (WOP), nr-DFM (WP) and with E-5 blend are
found 62.87%, 34.70%, and 28.51%, respectively in comparison to one in PDM. The NOx is
formed mainly due to richer oxygen amount, higher flame temperature and the residence time
of the burnt gas at the high temperature at oxygen-rich atmosphere (Heywood 1998).
Consequently, the NOx in PDM and in DFM with preheating and with E-5 blend are increased

in comparison to one in nr-DFM (WOP).

5.6 Summary

In this chapter, results of nr-DFM (WOP/WP), with E-5 blend at the optimized ®giobal are
summarized. The investigation mainly has been carried out to examine the usability of the
oxygenated fuel like ethanol and effects of preheating in biogas DFM engine.

Performance Analysis

= At the loads of 1.65/4.14 bar, the BFRs with E-5 blend are noticed to be 0.66 kg/h/1.18
ka/h, respectively. At 4.14 bar, the BES in all states (except for the case of without
preheating) are found to lesser than 50%.

= At all loads, the retarded CA50 is noticed in PDM, while the advanced one is found with
E-5. The BSEC in nr-DFM (WP) and with E-5 blend are found to be closer to each other,
while it is observed to be lower than that in nr-DFM (WOP). At 4.14 bar, in nr-DFM
(WP) and with E-5 blend, the BTEs are observed as 1.75% and 2.98% higher in
comparison to one in nr-DFM (WOP).

= A higher reduction of VE is noticed in DFM. With preheating, this drop is found to be
more. At 4.14 bar, in nr-DFM (WP) and with E-5 blend, the VEs are found to reduce by
6.19% and 5.98%, respectively.

Combustion Analysis

= The ID in PDM reduces with increasing of loads, while the reverse trends are noticed in
DFM. The IDs with nr-DFM (WP) and E-5 blend are noticed to be closer to each other.
However, on an average, it is found to lesser by 7.46% than that in nr-DFM (WOP).

= |n general, there is an increment of CPP with the preheating and shifting of the crank
angle position of CPP towards TDC. At 4.14 bar, the CPP (bar)/CAD in nr-DFM (WOP),
nr-DFM (WP) and with E-5 blend are found as 65.1/371, 68.1/370 and 66.2/369,
respectively.
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= At 1.65 bar, there is an increment of NHRR of 0.74% and 12% attained with the E-5
blend and in nr-DFM (WP), respectively, in comparison to nr-DFM (WOP). At higher
loads, more shifting of peaks of NHRR towards left from the TDC is noticed.

Emission Analysis

= There is a significant reduction of CO emission with preheating and with E-5 blend. At
4.14 Dbar, the reduction of 17.2% of CO emission with E-5 blend relative to PDM, is
estimated.

= The lower emission of HC at the higher load is achieved with the E-5 blend. However,
at part loads, the emissions of HC are found to be higher in comparison to PDM. At 4.14
bar, the reduction of 31.11% of HC with E-5 in contrast to PDM blend is evaluated.

= The NOx emission is found to increase with increase of loads, preheating and with E-5
blend. Substantial reduction in NOx emission in DFM relative to PDM is attained. At
4.14 bar, the reduction of NOx in nr-DFM (WOP), nr-DFM (WP) and with E-5 blend in
comparison to PDM are found to be 62.87%, 34.70% and 28.51%, respectively.
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¢ Preheating and various
ternary blends (TB-Es)
(D-B-E) are chosen as
the key parameters

e There is a gain of
energy with preheating
as compared to without
preheating

e Cylinder mean gas
temperature (CMGT)
increases due to
preheating and with the
use of oxygenated fuels

o The diesel (PDM) like
trends in CO and HC
emissions are achived
in DFM

Overview: In the previous chapter, it is demonstrated that the
use of renewable oxygenated liquid fuels with the intake charge
preheating can be beneficial to improve the DFM engine
performance. In this chapter, ethanol and biodiesel (as the
oxygenated fuel) blended with diesel (ternary blend) is
considered as the injected pilot fuel. The five ternary blends of
Diesel-Biodiesel-Ethanol (D-B-E) have been prepared to obtain
the optimum one. The blends are designated as TB-E1 (D70-
B20-E10), TB-E2 (D75-B20-E5), TB-E3 (D72-B20-E8), TB-E4
(D77-B15-E8) and TB-E5 (D67-B25-E8). All the investigations
are carried out at the engine standard CR=17.5and IT=23 CAD
bTDC. The various performance, combustion and emission
parameters are considered to make a comparative analysis of
PDM, nr-DFM (WOP) and nr-DFM (WP) and DFM with the
ternary blends with preheating. The adequate improvement in
DFM engine performance and combustion are achieved, while,
a drastic reduction in CO and HC emission found with the
marginal increment of NOy for the cases with preheating and
with blended fuels.
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6.1 Selection of Pilot Fuel

It is evident in the previous chapter that the liquid renewable oxygenated fuels blended with
fossil diesel can be beneficial in terms of efficient overall engine performance, mainly in the
significant reduction of emissions in a biogas run DFM engine. The study in this chapter
considers ethanol and biodiesel as the renewable oxygenated fuels, which are blended with
diesel to form the ternary blends (TB). The various TBs of Diesel-Biodiesel-Ethanol (D-B-E)
are considered to optimize composition in the blends in order to have an efficient engine
performance. The optimization process of the blend composition in TBs is described in the
following section. The properties of the individual fuels selected in this investigation are
presented in Table 6.1.

Table 6.1 Properties of fuels used in the present study (Nathan et al. 2010; Luijten and
Kerkhof 2011; Sahoo et al. 2011b; Rakopoulos et al. 2014; Aleiferis and Behringer 2015)

. . . Jatropha Bio-
Properties Biogas Diesel Biodiesel Ethanol
Chemical structure - CioHas Ci8gHz5102,  CoHsOH
C (wt.%) - 84.7 77.08 52.2
H (wt.%) - 15.3 11.99 13
O (wt.%) - - 10.93 34.8
Density (kg/m?®), at 32.2°C 1.0962 824.91° 873.36° 765.36°
Heat of vaporization (kJ/kg) - 250-270 - 840-904
Lower heating value (MJ/kg) 19.1° 42.12 38.17% 26.972
Cetane number - 50-53 51-58 5-11
Kinematic viscosity (mm?/s, at 40°C) - 2.54° 4.218° 1.137°
Bulk modulus of elasticity (bar) - 16,000 - 13,200
Stoichiometric air-fuel ratio 6.172 15.01¢ 12.522 9.0%
Flash point (°C) - 67.5-71 147-191 13-14
Auto ignition temperature (°C) 632-813 = 200-220 - -
Flammability limits (% by volume of air) 7.5-14 1.5-7.6 - -

acalculated; "measured

6.2 Design of Experiments

The investigations are carried out in dual fuel mode (DFM), however, pure diesel mode (PDM)
is also considered to have a direct comparison of the engine performance. Five different blends
(TB-E1 through TB-E5) with preheating, pure diesel-biogas in nr-DFM (WP) and pure diesel-
biogas in nr-DFM (WOP) have been investigated as detailed in Table 6.2. It is evident from
Table 6.1 that biogas has the very high self-ignition temperature and ethanol has a higher heat
of vaporization than other liquid fuels (diesel and biodiesel). Besides, the analysis in the

previous chapter demonstrates that the preheating helps to obtain a significant improvement in
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the engine's overall performance of the biogas run DFM engine. In the present study, all the
experiments in DFM except nr-DFM (WOP) are conducted with the intake charge preheating.
The preheating temperature is chosen and optimized at 55 (x2) °C, depending upon zero
appearance of knocking and engine overall performance characteristics. According to Karim
(1980), to achieve an optimum performance in DFM, the liquid and gaseous fuel consumption
at part load should be higher and lower respectively, while at higher load, it should be vice
versa. Based on this consideration, the variable @gional is optimized at all the operating loads
(from part to higher) and without/with preheating. Since the values of @gjobai Vary from one
experimental environment to another, it is not possible to achieve the same @gjobar at the same
load. Hence, the optimum ®giobal is indicated with the range at each of the operating load. In
nr-DFM (WOP), the optimum ranges of @giovai/load (bar) are identified as 0.29-0.31/0.83, 0.35-
0.36/1.65, 0.40-0.43/2.48, 0.47-0.5/3.31 and, 0.53-0.60/4.14. Whereas, with the blended fuel
and with intake charge preheating, the optimum ranges of @giobai/ l0ad (bar) are estimated as
0.29-0.33/0.83, 0.35-0.8/1.65, 0.42-0.45/2.48, 0.48-0.51/3.31 and 0.56-0.61/4.14.

Table 6.2 Experimental Matrix

DFM (Raw biogas)

Parameters PDM

With preheating (WP) (55 +2° C) WOP
Fuel/ ] nr-DFM
Blended Euel Diesel nr-DFM  TB-E1 TB-E2 TB-E3 TB-E4 @ TB-E5 (WOP)
Dyioba/Load 0.23/0.83-  0.29-0.42/0.83, 0.35-0.46/1.65, 0.40-0.52/2.48, 0.47-0.57/3.31 and 0.54-
(bar) 0.48/4.14  0.61/4.14

6.2.1 Optimization of the TB-Es

The blends are optimized and the flow diagram of optimization is presented in Fig. 6.1.

Experiments with the blended fuels are
Operating Parameters:

started with TB-E1 (D70-B20-E10) + Standard IT =23° bTDC and CR =17.5
* Inducted fuel: Biogas
and ended with TB-E5 (Fig. 6.1). In * Injected fuel: TB-E1, TB-E2, TB-E3, TB-E4, TB-ES

* ICT = 55 (+2) °C and at optimized D,

TB-E1, 20% biodiesel has been

A

selected as per the U.S. Environmental | Engine Operation in DFM |
Protection Agency (EPA 2002) report. =l - g3 4l

= = g E &
According to EPA, in a diesel engine, Y T Y Y Y

| Overall Engine Performance Analysis |

the combustion of 20% biodiesel

A 4

blended with diesel produces minimum Optimum blends achieved:
L . Analysis of the results
pollutant emissions. Again,
Rakopoulos et al. (2015) in their Fig. 6.1 Flowchart to optimize the ternary

blends (TB) of diesel-biodiesel-ethanol (TB-E)
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experiments, have noticed that 10% ethanol blended with diesel can be efficiently used to run
the diesel engine. However, TB-E1 is a ternary blend and further optimization of the
composition in the TB-E1 blend (composition) is essential. In this regard, the ethanol
percentage is reduced to 5% (TB-E2: D75-B20-E5) to apprehend the effects of ethanol
percentage in the mixture, by keeping the amount of biodiesel intact. The results obtained are
found to be better than the 10% ethanol in the blends. Nonetheless, it is not possible to
recognize that TB-E2 is an optimized blend. As a result, in TB-E2 blend (mixture), the ethanol
percentage is increased from 5% to 8%. This new blend is designated as TB-E3 (D72-B20-E8)

and is found to be superior over TB-E2 and TB-EL1 in terms of overall performance.

Table 6.3 Properties of the blended fuel

Properties Blended Fuel

TB-E1 TB-E2 TB-E3 TB-E4 TB-E5
Density (kg/m?®) 828.65 831.62 829.84 827.41 832.26
LHV (kJ/kg) 39874.2 40578.3 40156.4 40358.1 39955.9
Viscosity (mm?/s) 2.76 2.83 2.79 2.70 2.88
Oxygen content (wt.%) 5.52 3.89 4.87 4.31 5.43

Finally, to study the effect of biodiesel amount in the blend of TB-E3, it is necessary to reduce
and increase the biodiesel amount in the blend. Consequently, TB-E4 (D77-B15-E8) and TB-
E5 (D67-B25-E8) blends are prepared and experiments are conducted. Nevertheless, the
optimum results (engine overall performance) are once again confirmed with the TB-E3 blend
as compared to other blends. The properties of all the blended fuels are presented in Table 6.3.
The properties of blended fuels are calculated with use of the Lever law (Rakopoulos et al.
2016a). A careful inspection of Table 6.3 indicates that the TB-E3 blend has the better
cumulative physical properties than the other fuels.

6.3 Engine Performance Analysis

In the present experimental facility, the biogas volume flow rate is measured with a biogas flow
meter, in which, the engine suction is the driving force to flow the gas into the engine cylinder.
Consequently, it is practically impossible to retain the same flow rate of biogas in all individual
experiments in DFM. Nevertheless, with a proper control, it is possible to confine the nearest
mass flow rates of biogas at the same load but among different tests in DFM. Hence, an
optimum but average @giobal is considered to describe the engine parameters. Since all the liquid
fuels (diesel and blended fuels) in the present investigation are considered as a pilot (but

primary) fuel. Hence, in the study, more stress is given on @gioval rather than dpremised.
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Figure 6.2 shows the variation of BFR with engine load and average but optimum ®giobal. The

minor variations of BFR at all individual loads (from part to higher) for all the blended fuels

(TB-E1 to TB-E5) and in nr-
DFM (WP) are depicted in Fig, AversgeClobal Fuel s Riudvalence Ratio

. 1.
6.2. The variations may be due Inlake charge temperature = 55+2° C
1.2 mTB El B3 TB-E2 IT:23°bTDC
S TB-E3 B4 TB-E4 CR:175

1.0 le5

to the different cumulative fuel

properties (Table 6.3) and

=
o
<
& £ 21 nr-DIM (WP) _
different experimental 3 0.8
environments like humidity in 50.6
the air, the initial temperature of 2 0.4 |
engine coolant etc. The blended _%”0 )
m .
fuel properties in Table 6.3 are 0.0 JAVIE o el oG PN
calculated by picking up the data : 0.83 1.65 2.48 3.31 4.14

BMEP (bar)

from the Table 6.1 and using the

“Lever” law (Rakopoulos et al. Fig. 6.2 Variations of BFR with load and at optimum @gjopal
2016a). The approximate BFRS

for nr-DFM (WP) (diesel-biogas combination) are found as 0.722, 0.718, 0.856, 0.996 and
1.173 kg/h at the load of 0.83, 1.65, 2.48, 3.31 and 4.14 bar, respectively. Whereas, the average
BFRs for the blended fuels (average of TB-E1, TB-E2, TB-E3, TB-E4, and TB-E5 blends) are
measured as 0.731, 0.728, 0.856, 1.002 and 1.180 kg/h (at the same load interval as stated
above), respectively. The higher BFRs with the blended fuels (TB-E1 through TB-E5) in
comparison to that in PDM and in nr-DFM (WP) may be due to the lower LHVs of the blended

fuel than diesel fuel.

The characteristics curves of BSEC, BTE, and VE with load and average (optimum) @giobal are
shown in Fig. 6.3 through 6.5, respectively. At all load, the lowest BSEC is noticed with the
TB-E3 blend in comparison to TB-E1, TB-E2, TB-E4, and TB-E5. However, the BSEC is
found to be lower in nr-DFM (WP) and in PDM (in ascending order, PDM > nr-DFM (WP)
>DFM with TB-E3) than DFM with TB-E3 blend. It may be due to the lower LHV of blended
fuel as compared to LHV of the diesel fuels used in nr-DFM (WP) and in PDM. As BSEC is
inversely proportional to BTE, hence, a lower BSEC means a higher BTE. Hence, the higher
BTE is found with the TB-E3 as compared to that of other blends (Fig. 6.4). It is seen in Table
6.3 that the cumulative properties (density, LHV, viscosity, and oxygen content) of the blend
TB-E3 is much better (as a fuel) than the other blends. Consequently, the BTEs with TB-E3 at
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all loads are observed to be higher as compared to other blends. Hence, it can be ascertained

that the composition in the blend Average Global Fuel-Air Equivalence Ratio

of TB-E3 (72% diesel, 20% 120.;2. o037 04 o 050 059
biodiesel and 8% diesel) is '—E g Intake charge temperature = 5542° C
: , ?:H_E & TB-EI
optimum. As a result, it releases £101 TB-E2
. ol A TB-E3
94
optimum oxygen molecules, E ~ X TB-E4
which support an efficient = 87 © TB-ES
_ g 74 © nr-DIM (WP)
combustion. However, at all  _£ (5 9 -3—PDM
- 6 \ '
loads, the BTE in PDM isnoted ~ £ ; a
to be higher than the BTE in % 4_§ ~— ﬁ £
DFM. The reasons are the lower 28 33— et s A — r
i . 0.83 1.65 2.48 3.31 4.14
LHV, the higher self-ignition BMEP (bar)

temperature of biogas, higher  £iq 6 3 variations of BSEC with load and at optimum @y
heat of vaporization of ethanol

and higher viscosity of biodiesel than diesel fuel. Besides, the higher specific heat of CO>
present in biogas reduces the adiabatic flame temperature with the consequence of lower
laminar flame speed (Pizzuti et al., 2016). At 4.14 bar, the minimum and maximum increment
of BTE (of 1.29% and 5.04%)

Average Glo
0.32 0.3

are observed with the TB-E3 320 0 037 o 2044 = 20500
blend in contrast to BTE in nr- &% 39§ Preheating temperature = 35 C
DFM (WP) and with TB-EL & 5
L D54
blends. At 100% load (= 4.14 3 g
-
bar), the BTE with TB-E3blend & ] 9 &
“ v
is estimated to be 26.73%. g IB-E2
S 15 3 A TB-E3
Whereas at the same load, the ﬁ X TB-li4
maximum of 14.58% increment 2 m_:g g Ifii?M WPy
<10 :
of BTE is observed in PDM in & ] . L . o I"DM .
2.48 3.31 4.14

comparison to DFM with TB-E3 0.83 1 eMED (bar)
blend.  Nonetheless, in this Fig. 6.4 Variations of BTE with load and at optimum @gjepal
study, the efficiency achieved at

engine standard CR = 17.5 and IT = 23 CAD bTDC, is found to be substantially higher than

earlier reported data (Bora and Saha 2014, Bora and Saha 2015a, Bora and Saha 2016b).
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The variations of VEs in DFM are found to be lesser but nearer to each other as shown in Fig.

6.5. It may be due to the close . ) )
Average Global Fuel-Air Equivalence Ratio

controlling of biogas flow rate 0.32 0.37 0.4 0.50 0.59
86 - L s | IR T T T | IS TR N T L s 1
and intake charge temperature.  ~ . 3
S
Moreover, the VE does not 37843
- 93 TB-El TB-E2
depend on the liquid fuel § 833 2 i Thih
- . 'S 82 3
characteristics. The lower VE in é ol : © TBLS O #r-DIM(WF)
i SEhear PDM
DFM than PDM is due to the w038 B
oo
replacement of air volume by ?Ea 799 8 é
. : 5 783
biogas. The reason behind the E 773 Intake charge temperature = 5542 °C
reduction of VE with a load in el Lt i s v
all modes of engine operations D L& BME%'I;I (bar) 32! oL

may be due to the enhancement ) . ) \
Fig. 6.5 Variations of VE with load and at optimum @gjopal
of specific volume (with the
increase of cylinder mean gas temperature) of the trapped residual gas inside the engine

cylinder.

Figures 6.6 and 6.7 show the variations of @giopai and Dpremixed With loads. Pgiobal is evaluated
by considering both liquids (diesel and blended) as well as gaseous fuels. Further, in the

estimation the @premixed, ONly

biogas quantity is considered. Intake charge lemperature = 551+2° C 8
Conversly, as there is a 1 O TBEI TB-E2 é
0564 A TBE3 X TB-E4
variations of LHV in different © IB-E5 O ar-DEM (WD)
PDM g
blended fuels including biogas, 0.48
- 3 ©
the variations of @gpa are 5 P
. . . & 0.40
noticed to be higher in g
comparison to Dpremixed. It is 0.32
because  the  fuel  mass
consumption is inversely 02t
. ll L] L] L] T I T L] L] L] T I L] L] T L} L] I L] T L) L] L] I
proportional to fuel LHV. Here, 0.83 165 9 48 331 4.14

the @giopal IS considered as the BMEE (bar)

crucial parameter and Fig. 6.6 Variations of @gewa With load
constrained from lower to higher loads, in such a way that the consumption of liquid fuels in

DFM at part loads and higher loads can be higher and lower, respectively. Simultaneously, the
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biogas consumption from lower to higher loads can be vice versa to that of the consumption of

the liquid fuel (Karim 1980).
The confinement of the
magnitudes of @giona from lower
to higher loads, are already
referred to in the previous
section and can be seen in Fig.
6.6.

The variations of blended and
actual  diesel  replacements
(ADR) are depicted in Fig. 6.8.
Apart from the load of 0.83 bar,
the replacements of blended fuel

increase with the increase of

0.30 Intake charge temperature = 55+2° C
W44 TB-E1 NN\ TB-E2
0.25 4 ¥ 1B-E3 = 1B-k4 ?i{»;
0NN TB-E5 E222 #r-DFM (WD) N
L = ’lm
0.20 wElE NS
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Toasd ?Ek: i ﬂfié : ’ﬂ?
S
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0.10 JANSENE gNeulE ANSENE BNSENE PNe
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ANSHEE ANSENE ANSHEE ANeERE AN
9 4 1 [N {
OE e gl E 2ne
gaeElE ANSENE ANSERE ANSENE AN
O 8 EII ) EIRRE BN ERSH

0.83 1.65 2.48 3.31
BMEP (bar)

Fig. 6.7 Variations of @premixed With load

e
N

load (1.65-4.14 bar). Experimentally, it is observed that a slight increment of biogas

consumption at the load of 1.65 bar (relative to the load of 0.83 bar), increases the pollutant

emission in the exhaust. Accordingly, at the load of 1.65 bar, the liquid fuel consumption

increases that reduces the replacements of blended fuels. Another reason may be due to the

lower engine speed at 1.65 bar as compared to the load of 0.83 bar. At all load, the maximum

replacement is observed in nr-
DFM (WP). Thus, it can be said
that the maximum replacement
within the blended fuels is
attained with the TB-E3 blend
(Fig. 6.8). The minimum and
maximum replacements with
TB-E3 blend are estimated as
31.16% and 39.64% at the load
of 165 and 4.14 bar,
respectively. Conversely, by
considering the biofuel quantity
in the blend, the ADRs are

Average Global Fuel-Air Equivalence Ratio

- O.i'32 O.l37 0.14 O'5IO 0.5|9 g
s oy qIntake charge tcmperature = 5542° C E 65 o
= =60 =
5] E 55 5
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E =40 2
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m 10 I lllll l lllll I lllll l ||||| I J.S {
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BMEP (bar)

Fig. 6.8 Variations of fuel replacements with load

evaluated and presented in Fig. 6.8. The ADRs at the loads of 1.65 and 4.14 bar with the TB-
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E3 blend are found as 51.81% and 57.75%, respectively, which are higher in comparison to the
other blends. Although, in most of the cases, the ADRs achieved are greater than 50% (Fig.
6.8). Hence, the biofuels not only promote an efficient engine performance but also replace a
substantial amount of petrodiesel. The results demonstrated that the biofuels have the great

prospects to reduce the dependency on the imported fossil diesel fuel.

Figure 6.9 shows the biogas and blended fuel energy share with the applied load on the engine
and average Pgional. Biogas energy share at the load of 0.83 bar, is noticed to be higher for all
the blended fuels. It may be due to the lower liquid fuel consumption at lower load. However,

at this load, the BFR in the ) . )
Average Global Fuel-Air Equivalence Ratio

present study is found to be 032 037 044 050  0.59
_ 64 g P ey o e 6033
substantially lower ~ 62 S
(approximately  71.2%) in égg
W
contrast to the reported data = 56
7
(Bora and Saha, 2016b). The hgg
=1
trends of fuels energy share (i.e., ig 50
lower BES at lower load and f jz
o]
higher at higher loads) are 2044
I 2 42
maintained correctly from the &
y 40 lllllllllllllllllllllllll 325

load of 1.65 to 4.14 bar (= 0.83 1.65 2.48 3.31 4.14
) BMEP (bar)
100%). The higher BES at the
Fig. 6.9 Variations of fuel energy share with load

load of 0.83 bar, may be due to

the higher engine speed. Nevertheless, from the load of 1.65 bar, biogas and the blended fuel
energy share increases and decreases, respectively, with the increase of the load. The maximum
biogas energy share of 48.68% is observed at the load of 4.14 bar with TB-E3 blend.
Simultaneously, at this condition (at 4.14 bar load and with TB-E3 blend), the blended fuel
energy share will be lower and calculated as 51.32% as compared to other blends. The lower
blended fuel energy share with the TB-E3 blend in DFM is the consequence of the improved

engine performance with optimum cumulative properties of this blend.
6.4 Combustion Analysis

The parameters considered in the discussion of combustion analysis are ID, cylinder pressure
and NHRR history, CMGT and cycle-by-cycle variations of CPP.
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The variations of ignition delay (ID) with engine load and average ®giobal is shown in Fig. 6.10.
In the evaluation of ID, the engine static injection timing (23 CAD bTDC) is used as the start
of injection of the fuel into the cylinder. In addition, the motoring curve (Figs. 6.11 and 6.12)

Is used to identify the start of Average Global Fuel-Air Equivalence Ratio

combustion (SOC) of the fuel 20,032 037 0.44 050 059
Intake charge temperature = 55 (£ 2) °C
mixture inside the combustion 187 NN »-DFM (WOP) % TB-El NN TB-E2

o~ 2939 IB-E3 E 2 IB-E4
H[
1

16 e : : .
chamber. The SOC can also be a HEEN 1B-E5 =2 nr-DEM (WP)
U 141 @@ pom

identified at a point where the 212
NHRR (J/CAD) is equal to zero 2

AVATAAY

and rises abruptly after this point

NS NN

= aTATAvATATAVAVAvATATATAT

as indicated in Figs. 6.14 and
6.15. The ID is found to be

e o s

W N

(AT AT AT AT AT AT AT AT ATATATATATAY

e m—————————
oo A A%

[==T S R =]

165 248 331
BMEP (bar)

b P A A A AT A AT AT AT A AT AT A AR
)

lower with diesel fuel in PDM .14

and it reduces with the increase
Fig. 6.10 Variations of ID with load

of load. However, in DFM and

with all the blended fuels, the IDs are found to increase with the increase of load (except the
load of 1.65 bar) and ®giona. The reasons may be due to the higher biogas consumption at
higher loads (excluding the load of 1.65 bar), the higher self-ignition temperature of biogas and
higher heat of vaporization of ethanol present in the blended fuels. Experimentally, it is
observed that the BFR at the load of 1.65 bar is lower than that at the load of 0.83 bar. At the
load of 0.83 bar and 4.14 bar, the maximum and minimum IDs in PDM are found as 11 and 9
CAD, respectively. Whereas, the lower IDs in DFM are observed in nr-DFM (WP) and with
TB-E3 blend. Since, in nr-DFM (WP) pure diesel is used as the pilot fuel, having the lowest
heat of vaporization and higher LHV. On the other hand, the intake charge preheating and the
best cumulative properties of the blend TB-E3, assist in reducing the ID. Further, the higher
IDs in DFM are observed in nr-DFM (WOP) and TB-E1 blends. The higher density of biogas
(for the case without the intake charge preheating) enhances the mass consumption of this
gaseous fuel, which has the very high self-ignition temperature thereby enhancing the ID. As
well, the higher volume percentage of ethanol in TB-E1 blend makes it suitable to increase the
ID as ethanol has the higher heat of vaporization than the diesel fuel. At the load of 4.14 bar,
in nr-DFM (WP), with TB-E3, and TB-E1 blends, the IDs are approximately estimated as 13.5,
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13.5, and 15 CAD respectively. While in nr-DFM (WOP), the IDs at loads of 1.65, 3.31 and
4.14 (=100%) bar, are evaluated as 12, 15, and 16 CAD, respectively.

Table 6.4 Peak pressure and corresponding positions of peak pressures with different fuels

Biogas-DFM
Parameters I('t;) :r(; WP WOP PDM
TB-E1 = TB-E3 = Pure diesel Pure diesel Pure diesel
1.65 54.96 56.20 56.90 54.49 60.08
Peak pressure (bar) = 3.31 61.00 62.82 64.04 60.46 70.07
4.14 66.91 68.75 68.11 65.06 72.32
1.65 367 367 367 369 366
Positions (CAD) 3.31 368 368 368 370 368
4.14 369 369 369 371 368

Figures 6.11 and 6.12 show the variations of cylinder pressure distribution with the engine
crank angle at the load of 1.65 and 4.14 bar, respectively. The magnitude of the peak pressure

and the corresponding crank

80 5
angle position of the peak 3 BMEP = 1,65 bar
. 70 4
pressure are important, as these £ = 3 6%&"6 ~.
® S oy
are the essential criteria for an %60 1T
efficient  combustion. The 53073 ot
w 3]
development of peak pressure ;:340‘5
nearer to the TDC means, the g 30 3
higher utilization of the engine §20€ .

. SPNE A TBE3 X TBE4 O TBES
expansion  energy, better 10 E = p-DEM (WP) o nr-DEM (WOD)
CombUStionl and IoWer IOSS Of 0 : Trrrt I LI |J;)];)1I\/]; LI LI I rrrra I LI ll:ﬂ?iofjfllg lclllll'\:el Ty

; - 330 340 350 360 370 380 390 40C
energy into the environment CAD
(Heywood 1988). Table 6.4 . il ) )
Fig. 6.11 Variations of (b) in-cylinder
shows the values of peak pressure with CAD (AL: 1.65 bar)

pressure and the positions of the

peak pressure with different blends and without/with preheating in DFM and in PDM.

The minimum pressure peaks at all the loads are observed in nr-DFM (WOP). Further, these
pressure peaks in nr-DFM (WOP) at different loads are found at a significant angular distance
(degree of crank angle) to the right side of the TDC as compared to with preheating (Table
6.4). The reason may be due to the atmospheric state of the intake charge (in the case of without
preheating), higher self-ignition temperature and lower LHV of biogas. The improvement of

combustion efficiency with the intake charge preheating and with ternary blends of biofuels as
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the pilot fuels can be discussed with respect to Fig. 6.12 and Fig. 6.13. Figure 6.13 shows the

variations of pressure (P)

80

distribution with the Cylinder Arca indicates loss ol work lor
TB-0 (WOP) and gain of
volume (V), where, the areas 70

work for the the other

™
inside the P-V curves represent 2 60 Eieﬁmﬁm s
the work done by the engine in E 50
DFM and in PDM at different %40
states. It is noticed in Fig 6.13 %30
that the engine in nr-DFM Ezg
o

(WOP) has done the minimum

X TB-E4 © TB-ES ===-n-DFM(WP)
ar-DEM (WOP) rbDm Motoring Curve

work as compared to the one 0
with preheating. The loss of 330 340 350 36%A670 380 390 400

work, without preheating and

h di in of K Fig. 6.12 Variations of in-cylinder
the corresponding gain of wor pressure with CAD (AL: 4.14 bar)

with preheating in nr-DFM
(WP) and other ternary blends, is also indicated in Figs. 6.12 and 6.13. The similar loss and
gain of work can also be seen in the Fig. 6.11. At all the loads, the maximum gain of energy is
observed with the TB-E3 blend and minimum in nr-DFM (WP). As a result, more energy is
gained in DFM with the intake

75
. . TB-E1 IB-H2 —A—1B-E3
charge preheating in contrast to 70 3 LA fae
. : 65 4 ar-DEM (WP)
the one without preheating. In - ShRi
addition, the extra oxygen in the 55 . Ny T 7DEM (WOP
i . . Area indicates loss of work for %
blends of biofuels (bIOdIeSE|- S0 TB-0 (WOP) and gain of work
45

. . # for the the other blends with preheatin
ethanol blended with diesel) \ : 7

Cylinder Pressure (bar)

404 &
helps to burn more fuel 35
molecules. Hence, the energy ;2
gained from the blended fuels is 209 ahicp vk
found to be more as compared to 15

) 40 45 50 55 60 65 ;/0 75 80

nr-DFM (WOP). Thus, in the Cylinder Volume (¢cm’)
study, the magnitude of peak Fig. 6.13 Variations of in-cylinder pressure with

pressures, the position of peak vombustion chamber volume (AL: 4.14 bar)

pressures and the trends of the history of pressures inside the cylinder in DFM with preheating
and with biofuels are noticed to be very much similar to PDM operation (Figs. 6.11 through

6.13). Therefore, it can be said that at the engine standard CR and IT, the present investigation
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achieves approximately the same diesel-like performance in DFM with ethanol and biodiesel

blended with diesel and with intake charge preheating.

The characteristics curves of NHRR with engine crank angle at different states are shown in

Figs. 6.14 and 6.15. It is a well-

known fact that the development BMLP = 1.65 bar
——TB-L1

of NHRR and pressure inside TB-E2
—A—TB-E3

the cylinder are internally —>¢=TB-T4
—O—TB-E5

related to each other. However, X 60 o -+ pr-DFM (WP)

= A/ PDM
the NHRR greatly depends on g% 48 —&— nr-DFM (WOP)

the fuel characteristics and the

experimental environment such

as the state of air that is

introduced inside the cylinder 340 350 360 370 380 390 400 410
CAD

Fig. 6.14 Variations of NHRR with CAD (AL.: 1.65 bar)

during engine suction. This is
because the SOC is very much
dependent on intake charge
initial states. Furthermore, the SOC and the distribution of NHRR are internally related to each
other. The peaks of the NHRRs, in nr-DFM (WOP), are found to be lower at all loads as

compared to the one with

96 5
preheating in  DFM. With 84 3

preheating, the peaks of the 72-5
NHRRs are observed to be very 911 60';

preheating and at all loads, the &

SN
close to the TDC (at 3 CAD 548'5
i & 36 3 w3 r-DFM (WP}
bTDC). Whereas, without pg~" 3 PDM
m24—; —&— ur-DIM (WOP)
12 3

- 1 BMEP = 4.14 bar

peaks of the NHRRs are noticed -

+
-

............

to occur after TDC. At the load

of 1.65, 3.31, and 4.14 bar and e e 37%A]§80 0 10 2l

without preheating, the positions  £4 6 15 variations of NHRR with CAD (AL: 4.14 bar)
of the peak of the NHRRs are
identified at the CAD of 363, 364, and 365, respectively. Consequently, in the previous
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analysis, the work done without preheating is found to be lower as compared to the one with
preheating and in the presence of biofuels in the blends. The maximum peak of NHRRs at part

loads is found in nr-DFM (WP).

Throughout the investigation, at a particular load, there have been close controls of BFRs in all
conditions. Therefore, the physical reasons for the variation of NHRR peaks at different states
may be attributed to the varying properties of liquid fuels used in the study and the preheating
of the intake charge. Thus, the maximum peaks of NHRR in nr-DFM (WP) may be due to
higher LHV, lower viscosity and lower heat of vaporization of diesel fuel and preheating that

helps to release more heat at part 2000

i1 © TBEI TB-T2 TR
loads as compared to others i1 &4 TBE3} x TB-4 P ASRAS

_ _ 18003 o T1BES nr-DEM (WP) %%@
blended fuels. While at higher 1 o rom
’ 16004 @ nr-DEM (WOP) A
loads, the maximum peaks are G : e
observed with the TB-E3 T 1400
blends. It may be due to the %1200_
: [ ; :
release of more oxygen at higher 1000 3 [ At optimum @,
loads in comparison to part 3 BMTP = 1.65 bar
800 < T -

loads that helps to release more ; w"f_"_‘_‘_f’ff’;.’-if;
heat. This |S Whythere Isa 600-.lllllllllllllllllllllllllllllllllll

. 340 350 360 370 380 390 400
shifting of pressure and NHRR CAD

curves towards the TDC with Fig. 6.16 Variations of CMGT with CAD (AL: 1.65 bar)
preheating, thereby indicating

an improvement of engine 2000

1800 | ZAR
] o0

combustion from the part to
higher loads. At the load of 4.14

...........

1600 3
bar, the maximum peak of the g ] ® SMEP 414 bar @
NHRR of 91.6 JJCAD is noticed g 14003 o TB-El
. &) 3 TB-E2
in PDM. At the same load, the = 1200 A TB-E3
o 3 ‘
maximum peak of NHRR of 1000 3 >®< P;E‘S‘
82.5 J/CAD is observed in DFM - S #r-DEM (WP)
800 1 522888 PDM
with TB-E3 blend. Tpeeeee’ nr-DFM (WOP)
600
Figures 6.16 and 6.17 show the 340 350 360 é’ﬁ) 380 390 400

history of cylinder mean gas
Fig. 6.17 Variations of (d) CMGT with CAD (AL: 4.14 bar)
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temperature (CMGT) with the engine crank angle. The higher the release of heat and the
development of peak pressure inside the cylinder, the higher will be the peak of the CMGT
inside the cylinder. Therefore, the physical reasons behind the development of CMGT are
similar to that of the development of pressure and NHRR inside the cylinder. However, the
preheating is identified as the key parameter to enhance the CMGT in contrast to the one
without preheating in DFM (Figs. 6.14 through 6.17). As a result, at all loads, the minimum
CMGT is evaluated in nr-DFM (WOP). At the load of 4.14 bar, the maximum CMGT of
1868.64 K is noticed with TB-E3 blend. At 4.14 bar (=100%), the values of the CMGTs with
other blended fuels except TB-E3 and in nr-DFM (WOP/WP), are observed to be lesser
concerning to that in PDM. However, the value of CMGT nearer to PDM is attained with TB-
E3 blend. At this load, in PDM the maximum CMGT is calculated at 1917.27 K. At 4.14 bar,
the CMGT in nr-DFM (WOP) is estimated to be 1657.37 K, which is minimum in contrast to
other blends in DFM.

The cyclic variations are caused mainly due to the cycle-by-cycle variations in gas motion in
the cylinder during combustion, variations in proportions of fuel and air in the mixture, and
variations in mixture composition within the cylinder (Heywood 1988). Consequently, the

cyclic variations in Sl engine will

. . 58 5 _
be higher than the CI engine. 573 BMEP = 0.83 bar
3 56 - ¢
Hence, owing to the use of o _‘5" "‘ﬁ?;‘f.'!'.‘?"A“f’&‘f‘f&ﬂaﬁ,ﬁi‘\‘ﬂwﬁmﬂwj—#
gaseous  fuels, there are g;‘ : —o>—PDM average presstire = 55.41 bar
Comparatively hlgher Cycle-by- 54 average pressure = 51.61 bar
53

33 antrtakp andta b AT B A
2 31 NC TR AT

—A— TR-TI3 (WP)

cycle variations in DFM as
compared to PDM. If there is a
possibility to eliminate all the

average pressure = 52.68 bar

= iﬁﬁﬁm $o o AT ﬁ@& k ki
j&w R YL (Bt R e
51

cyclic variations, then there

would be a 10% increase in the
—— nr-DFM (WP)

Cycle—by-Cycle Yariations of CPP (bar)

power output for the same fuel 50
55 average pressurc = 52.32 bar
consumption with weak mixtures 3 Do e

variation is generally identified q}ffg* S F “ %ﬁw 11*3' A

with the distribution of the CPP 20 40 80 100
Number of Cyc]es

relative to the number of cycles

. N Fig. 6.18 Characteristics of Cyclic
under investigation. The cycle- variations of CPP (AL: 0.83 bar)

by-cycle variations of CPP with
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various fuels and at different states in DFM and in PDM are shown in Figs. 6.18 and 6.19. The

above discussion reveals that the s

BMEP = 4,14 bar
lower cyclic variations are 743
. 75 o ooadac b AR o a2 fohacd .2 B R
beneficial in terms of energy 72 REE L i 8 £ T T i, S
. . . 71 —»—PDM Y = 72.32 b:
utilization along with the stable 70 Average pressie o

engine operation. In the present
investigation, lower variations

71 average pressure = 68.75 bar
70

69 3? 2. 2R I P m%%
68 AR MR XA
of CPPs with cycles are noticed

66 J —A—TB-E3 (WP)
with preheating in comparison Zg j DS Prcigre = UL
to the one without preheating. It 68 4 IRt A AR % 206 . Fhe RORNEOAS 7%

¥ W YN MW R YT A
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also reduces with the increase of

Cycle—by-Cycle Variations of CPP (bar)

average pressure = 65.00 bar

loads. The lowest variation is
noticed in PDM. The cyclic q ¢ fﬁ*ﬁf * ‘Kﬁ*ﬂg@ ﬁﬂﬁﬁﬁﬁﬁw%ﬁf
variations with the blended fuels ?‘M FW ‘%Lfg 1 Wxﬂl

—se— nr-DFM (WOP)

are observed to be higher 62- """ R IR R IR -

relative to that in nr-DFM (WP). Number of Cycles

However, §f is i@ed to be lowg Fig. 6.19 Characteristics of cyclic

than that in nr-DFM (WOP). variations of CPP (AL: 4.14 bar)

The lower cyclic variation with blended fuels used in the present investigation is attained with
the TB-E3 blend. The heat exchanger (CFHE) in the study assists not only to preheat but also

it works like an efficient mixing

device. That ensures preparing a . 7 Z Z:giﬁ Eggp
homogeneous ~ mixture  of 12 / Il TB-E3
biogas-air and reduces the cyclic > % RN POM
variations. The higher heat of % 9 % V

vaporization of ethanol may “'HS ] ¢= %

assist to form a heterogeneous é %E /

mixture and thereby exhibits © 3 %E ¢=

higher cycle-by-cycle variations /E %E /=
relative to pure diesel and with 0 — — =
preheating. 0.83 BME—;‘ibar) 4.14

The variations of COV of IMEP
with load in PDM and in DFM

are shown in Fig. 6.20. The COV is noticed to reduce with loads in all the cases. The lowest

Fig. 6.20 Variations of COV of IMEP with load
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COV is noticed in PDM, while the higher one is with nr-DFM (WOP). On the other hand, a
slightly higher COV is noticed with TB-E3 as compared to nr-DFM (WP). Although, there are
enough ignition centres (pilot fuel energy share ~50%) that help to enhance the flame speed,
however, more homogeneuous dispersion of ignition kernels are necessary to reduce the COV
with TB-E3. Therefore, an advanced and an optimized injection timing (IT) would reduce the

COV to improve the engine performance.
6.5 Emission Analysis

The emission characteristics of CO, HC, and NOx with engine loads and average ®@giobal, are
shown in Figs. 6.21 through 6.23. The CO emission in Fig. 6.21 shows the decreasing trends
with the increasing of loads at different conditions except the emission in nr-DFM (WOP). In
nr-DFM (WOP), CO is found to increase with the increase of load. However, at the load of
4.14 bar, the slight drop in CO emission is observed. In the investigation, minimum CO
emission is achieved with the TB-E3 blend. The CO emission with TB-E3 is found to be
approximately identical and adequately lower (at the loads of 3.31 and at 4.14 bar) than the
PDM. It may be due to the proper controlling of fuel-air equivalence ratios at different loads,
development of higher CMGT at the preheated atmosphere and release of extra oxygen during

combustion of the oxygenated fuels present in the ternary blends.

At the load of 4.14 bar, the maximum CMGT of 1868.64, 1657.37 and 1917.27 K with TB-E3,
in nr-DFM (WOP) and in PDM, respectively, are estimated. The CMGTSs at all loads in nr-

DFM (WOP) are found to be minimal in comparison to preheated biogas and with the other

blends. The required threshold Average Global Fuel-Air Equivalence Ratio
temperature (G fNstaWilte g oee o3P (0P 090 09)
oxidation of CO to CO is 1450 014 .- bt - .

: o —O—TB-El TB-E2 —A— TBE3
K as reported by Liu et al. 5:.0.!2-; 2 S TB-EA —@—TB-ES —nr-DEM (WP)
(2013) and Karagoz et al. £ 3 Ar DRV GVOT) PDM

(2016). On the other hand,
Glassman and Yetter (2008) has
identified 1500 K to be the

S 0.04 5

> o
equilibrium reaction ] u\_‘-ﬁ
) RVES- — 5542 °C
temperature for the reaction CO ] Inmke chiatge iemperainre - 22 € 0 :
) 0.83 1.65 2.4 3.31 4.14
+ OH =CO2 + H. Irrespective of BMEP (bar)
the quality of the fuels, Sjoberg Fig. 6.21 Characteristics of CO emission

with load and at optimum (average) @Pgiobal
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and Dec (2005) in their experiments find that the CO emission drastically reduces from 1500
K to a higher temperature. Thus, due to the higher self-ignition temperature of biogas the CO
emission in nr-DFM (WOP) is noticed to be higher in comparison to emission with preheated
intake charge. At the load of 4.14 bar, the drastic reduction of CO emission with TB-E1, TB-
E2, TB-E3, TB-E4, TB-E5, in nr-DFM (WP) and in PDM in comparison to nr-DFM (WOP)
are found as 63.04, 77.54, 86.23, 83.33, 73.19, 64.49 and 78.99%, respectively. At the part load
of 1.65 bar, the significant reduction of CO emission with TB-E1, TB-E2, TB-E3, TB-E4, TB-
E5, in nr-DFM (WP) and in PDM in comparison to nr-DFM (WOP) are estimated as 31.29,
48.98, 61.90, 55.78, 46.26, 45.58 and 63.95%, respectively.

The unburned hydrocarbon (HC) emission is the consequence of incomplete combustion of
hydrocarbon fuels. The most favorable circumstances that help to generate the emission of HC
are locally over-rich or over-lean mixture, which makes the reaction rate slower. Other reasons
are attributed to the very high self-ignition temperature of fuels, bulk quenching or extinction
of the flame front due to the formation of the boundary layer at the cold cylinder wall and along
with the effects of crevice volumes (Heywood 1988, Rakopoulos et al. 2016). In DFM, biogas
having a very high self-ignition temperature can cool the combustion chamber wall with the
consequence of higher HC emission. Moreover, the higher specific heat of CO2 present in
biogas (nearly 40% composition by volume) slows down the laminar flame velocity and makes
a suitable environment to generate the HC (Pizzuti et al. 2016). It is known that the air in DFM
is replaced by the same volume of inducted gaseous fuel. Thus, another reason for higher HC

production may due to the lack

of oxygen that needs to oxidize i ag%%"bal F“‘B“ﬁ“ Eq“i"a{%‘g‘ge Ratio o
Poa ey Loy ey Yoy 1
the hydrocarbon fuel. However, 220 —O— 1B-El [B-E2 —A—TB-E3
o 5 200 —¢—1B-E4 —O— 1B-E5 —{—nr-DEM (WP)
with intake charge preheating 180 &— nr-DFM (WOP)
and use of oxygenated fuel can g 160 S
reduce the HC emission. g 140
= 120
The HC is found to be lower 5 ]28
with the increase of loads as Q g
=
seenin Fig. 6.22. The higher HC 40
emission is found in nr-DFM =l

rrT T T rrTr |
(WOP), whereas, there is a 0.83 1.65 2.48 3.31 4.14

BMEP (bar)
lower HC with TB-E3 blend. In

addition, the HC is found to be Fig. 6.22 Characteristics of HC emission

with load and at optimum (average) Pgiobal
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lower with intake charge preheating with blended fuels in comparison to nr-DFM (WOP). It
may be due to the release of extra oxygen at the hot (preheated) atmospheric condition that
enhances the flame speed and improves the combustion of the fuel mixture. At the load of 4.14
bar, a substantial reduction of HC is achieved with the TB-E3 blend and it is about 83.97%
relative to nr-DFM (WOP). While at this same load, HC emission drops by 29.01, 50.38, 68.70,
41.22, 39.69 and 65.65%, for TB-E1, TB-E2, TB-E4, TB-ES5, in nr-DFM (WP) and in PDM,
respectively, with respect to nr-DFM (WOP). The higher HC emission with TB-E1 blend is
possibly due to the higher volume percentage of ethanol present in the blend. The reductions
of HC emission with all the blended fuel in comparison to nr-DFM (WOP) are observed to be
lower at part loads with respect to higher loads. It may be due to the higher auto-ignition
temperature of biogas and higher heat of vaporization of ethanol that cools the cylinder wall

temperature.

The NOx emission is found to increase with the increase of loads (Fig. 6.23). The emission is
noticed to be higher with the blended fuels and at the preheated state of the intake charge.

According to the Zeldovich Average Global Fuel-Air Equivalence Ratio

mechanism of NOx formation oo 000 SO0 090 0y
(Heywood 1988), the nitrogen is = © gg; '

oxidized mainly due to the ~ 10004 A TB-E3

oxygen-enriched  atmosphere, ;5 750_} é }g:gg %
higher flame temperature and a -3 ] & #r-DEM(WP)

higher residence time of the E 500_2 };EBIFM o &

burnt gas at the high temperature o o

at oxygen-rich  atmosphere. & 250_: %

However, a more advanced 0 El S ? . Intake c;ln:rg:etlen:pcfralrurlefSISilzicl

mechanism of NOx formation 0.83 1.65 2.48 3.31 4.14

{ BMEP (bar)
proposed by Kosmadakis et al.

Fig. 6.23 Characteristics of NO, emission

(2016), gives an extensive with load and at optimum (average) @giobal

discussion on this issue under

the various environmental temperatures inside the engine cylinder. Subsequently, the oxides of
nitrogen are found to be more with the pure diesel mode and in DFM with the oxygenated fuels
(different ternary blends of diesel-biodiesel-ethanol) along with the preheating of the intake
charge. As well, the NOx emission is observed to be lower in nr-DFM (WOP). However, with
respect to PDM, the emission of NOx in DFM is noticed to be lower in all states. It may be due
to the lower temperature developed inside the cylinder in the presence of biogas that has the
higher self-ignition temperature. At the load of 4.14 bar (=100%), the emission is found to be
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maximum in all cases. Again, at this same load, the reduction of NOy is calculated as 35.87,
31.77,25.84, 28.34, 33.28 and 63.04%, with TB-E1, TB-E2, TB-E3, TB-E4, TB-E5, (WP) and
nr-DFM (WOP), respectively. The emissions data (measured in ppm and vol.%) for the best
belnd (TB-E3) are presented in Appendix-D.

6.6 Summary

In this chapter, the results of DFM (at the optimum @giobal and with preheating) with ternary
blends of diesel-biodiesel-ethanol (viz. TB-E1, TB-E2, TB-E3, TB-E4 and TB-E5) are

summarized below:
Performance:

= The BFRs are observed to be confined within the ranges of 0.722-0.731 to 1.173-1.180
kg/h from the part (0.83 bar) to higher (4.14 bar) loads. Due to lower cumulative LHV
than the pure diesel fuel, the higher BFRs are observed with the TB-Es fuel.

= The lower BSEC achieved with the TB-E3 blend in comparison to other blends. The
BSEC achieved in ascending order can be expressed as PDM > nr-DFM (WP) >DFM
with TB-E3. At 4.14 bar (=100% load), with TB-E3, the BTE is evaluated as 26.73%
which is 1.29% and 5.04% higher than that in nr-DFM (WP) and with TB-E1 blends,
respectively. At this load, the BTE in PDM is found to be higher by 14.58% than that in
DFM with TB-E3 blend. A lower VE is found in DFM and higher reduction is found
with preheating.

= At the loads of 1.65/4.14 bar, the higher LFRs are observed with TB-E3 blend and they
are estimated to be 31.16%/39.64%. The maximum ADR is also noticed with TB-E3
blend. At the loads of 1.65/4.14 bar, the ADRs are found as 51.81%/57.75%. At 4.14 bar,
the maximum BES is noticed to be 48.68% with TB-E3 blend and the corresponding
BFES is found as 51.32%.

Combustion:

= The ID in PDM is found lower and reduces with the increase of loads, whereas in DFM
the reverse trends are noticed. At the loads of 0.83 bar/4.14 bar, IDs in PDM are found
as 11/9 CAD. In DFM, the ID reduces with the intake chare preheating. The lower IDs
in DFM are achieved in nr-DFM (WP) and with TB-E3 blend. At 4.14 bar, the reductions
of IDs in nr-DFM (WP) and with TB-E3 blend as compared to the one in nr-DFM (WP)
are found to be 15.63%.
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= In DFM, there is a shifting of CPP (CAD) as compared to the case of without preheating.
The higher gain of energy is noticed with TB-E3 blend and in nr-DFM (WP) relative to
that in nr-DFM (WOP). The peak of the NHRR in nr-DFM (WOP) is found to be lower
and gets shifted towards the right of TDC. While, with preheating, the peak of NHRR is
noticed to be closer to TDC (3 CAD bTDC). In DFM, at 4.14 bar, the maximum peak of
NHRR of 82.5 J/CAD is observed in DFM with TB-E3 blend.

= The CMGTs are observed to be higher for preheating as well as with the blended fuels.
At 4.14 bar, the higher CMGT of 1868.64 K is observed with TB-E3 blend. The cyclic
variations with preheating, with the increasing of loads and with TB-E3 are noticed to be
lower. The higher cyclic variations are attained in nr-DFM (WOP). The higher COV of
IMEP is noticed with nr-DFM (WOP), and the lower one with (WP). A slightly higher
COV as compared to nr-DFM (WP) is noticed with TB-E3. Therefore, it is recommended

to advance the IT to lower the COV and improve the engine performance in DFM.
Emission:

= Qverall, there is a substantial reduction of CO emission in DFM at the preheated state of
the intake charge and with the use of oxygenated liquid fuels. At the loads of 1.65/4.14
bar, the maximum reduction of CO of 61.90/86.23% are noticed with TB-E3 blend as
compared to nr-DFM (WOP). The trend of CO emission with the TB-E3 blend is found
similar to that with PDM.

= Similar results for HC emission are also noticed with preheating and with the blended
fuels. At 4.14 bar, a substantial reduction of 83.97% of HC with the TB-E3 blend relative
to nr-DFM (WORP) is achieved. At the higher loads (>3.31 bar), the HC with the TB-E3
is found to be lower even than that in PDM. The lower NOx is attained in DFM, however,
found higher with preheating and with the blended fuels. A negligible emission of NOx
is attained at part loads and increases with the increase of loads. At 4.14 bar, the
reductions of NOx with TB-E1, TB-E2, TB-E3, TB-E4, TB-E5, nr-DFM (WP) and nr-
DFM (WOP) as compared to PDM are estimated as 35.87, 31.77, 25.84, 28.34, 33.28
and 63.04%, respectively.
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Results of Biogas Run DFM Engine Using
Ternary Blends (Diesel-Biodiesel-Butanol/
Diesel-Biodiesel-Diethyl Ether)

Chapter

Highlights:

e Optimum Dgiopal,
preheating and the
ternary blends of
oxygenated fuels are
found crucial
parameters in DFM

e The shorter ID and
CD and higher
CMGT is observed
with high cetane fuel
(TB-DEE)

e Overall, the
emissions in DFM
are found to be
lower than that in
PDM

e The investigation
recommends the
oxygenated fuels
blended with diesel
for biogas DFM
engine

Overview: In the previous chapter, various ternary blends (TB) of
diesel-biodiesel-ethanol (D-B-E) are found to be beneficial to
improve the overall performance of the biogas DFM engine. In this
chapter, ternary blends of diesel-biodiesel-butanol (D-B-BT) (TB-
BT) and diesel-biodiesel-diethyl ether (D-B-DEE) (TB-DEE) are
considered. The optimum ternary blend (diesel-biodiesel-ethanol) in
the previous chapter is brought in this chapter to compare the results
and designated as TB-E. The volumes of butanol (BT) and diethyl
ether (DEE) in the TB blends are prepared based on identical oxygen
quantity (that is with the volume quantity of ethanol) in the optimum
blend of TB-E. In TB-BT and TB-DEE, the compositions are
estimated as D67-B20-BT13 and D67-B20-DEE13, respectively. The
experiments have been carried out at the engine standard CR = 17.5
and IT = 23 bTDC. The results in nr-DFM (WOP), nr-DFM (WP),
with the blends of TB-BT, TB-E, and TB-DEE are compared to each
other along with the results of PDM. It is revealed that the biogas
DFM engine overall performance at the optimum ®giobal, With the
intake charge preheating and with the implementations of the
oxygenated liquid fuels blended with diesel can be improved
substantially from the part to higher loads. The results of DFM with
the oxygenated fuels are found suitable and competitive to PDM,
however, the best results are achieved with TB-DEE.
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7.1 Selection of Pilot Fuels

It is evident from the results represent in the previous chapter that with the use of biodiesel and
ethanol, blended with diesel (TB) fuel with the intake charge preheating, there is a significant
improvement in the performance, combustion, and emissions of biogas run DFM engines.
Therefore, in this study, butanol, diethyl ether (DEE), and biodiesel are considered as the
oxygenated fuels blended with diesel. The TBs are considered and prepared as diesel-biodiesel-
butanol (designated as TB-BT) and diesel-biodiesel-DEE (designated as TB-DEE). The

properties of the individual fuels used in this study are presented in Table 7.1.

Table 7.1 Properties of fuels used in the present investigation (Nathan et al. 2010; Luijten
and Kerkhof 2011; Sahoo et al. 2011b; Rakopoulos et al. 2014; Aleiferis and Behringer 2015)

Jatropha Bio-

Properties Biogas Diesel Biodiesel  Ethanol Butanol DEE

Chemical structure - CizHas Clgg;'%'l CoHsOH  CsH100  CaHi00

C (wt.%) - 84.7 77.08 52.2 64.87 64.87

H (wt.%) - 15.3 11.99 13 13.51 13.51

O (wt.%) - - 10.93 34.8 21.62 21.62
H 3

g;gggy (kg/m’), at 1.096°  824.91°  873.36°  765.36°  809.48° 713

Heat of vaporization

(ki/kg) - 250-270 - 840-904 585 355

Lower heating value a a a a A

(MJ/kg) 19.1 421 38.17 26.97 33.09 33.9

Cetane number - 50-53 51-58 5-11 25 >125

Kinematic viscosity ) b b b a

(mm2/s, at 40°C) 2.54 4.218 1.137 3.7 0.23

Bulk modulus of ; 16,000 i 13200 15000 13,000

elasticity (bar)

Stoichiometric ar 6.17¢ 15.01° 12,522 9.0° 11.2¢ 11.2¢

fuel ratio

Flashpoint (°C) - 67.5-71 147-191 13-14 35 -40

Auto-ignition 632-813  200-220 1 \ 385 160

temperature (°C)

Flammability limits 251, 1574 i . 1.4-11.2 ;

(% by volume of air)
acalculated; "measured

7.2 Design of Experiments

The design of experiments in the present study is almost similar to that discussed in the previous
chapter. The tests are conducted at the same ranges of the optimum @giebal and loads. However,

the pilot-fuels chosen are TB-BT and TB-DEE, and the experiments are carried out with these
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blends with intake charge preheating. The results of the optimum blend TB-E3 (here it is
designate as TB-E) in the previous chapter (Chapter 6) are brought to compare the results that

obtained with TB-BT and TB-DEE. The experimental matrix is represented in Table 7.2.

Table 7.2 Experimental Matrix

DFM (Raw biogas)

Parameters PDM

With preheating (WP) (55 +2° C) WOP
Blended Fuel Diesel nr-DFM TB-E TB-BT TB-DEE (WOP)

0.23/0.83- 0.29-0.42/0.83, 0.35-0.46/1.65, 0.40-0.52/2.48, 0.47-0.57/3.31 and 0.54-

Dgiobai/Load (bar) 0.48/4.14 0.61/4.14

The blends, TB-BT and TB-DEE are prepared with reference to TB-E. The volume percentage
of butanol (BT) and DEE in TB-BT and TB-DEE are considered depending upon the oxygen
amount, which is equal to that of ethanol in TB-E, respectively. While, in all blends, the volume
percentage of biodiesel is kept intact. Therefore, the total oxygen in each blend will remain the
same. The properties of the blended fuels estimated with the Lever law (Rakopoulos et al.
2016a) are shown in Table 7.3.

Table 7.3 Properties of the blended fuels

Blended Fuels

Properties TB-BT (D67-B20- TB-DEE (D67-B20-
TB-E (D72-B20-E8) BT13) DEE13)

Density (kg/m°) 828.65 832.59 820.05

LHV (kJ/kg) 39874.2 40136.73 40336.06

Viscosity (mm?/s) 2.76 3.04 2.64

7.3 Performance Analysis

The parameters considered here are BFR, BSEC, BTE, fuel energy share, liquid fuel

replacements, global and premixed fuel-air equivalence ratios.

The variations of BFR at the part load of 0.83 bar and the higher load of 4.14 bar are depicted
in Fig. 7.1. The BFRs from part to higher loads are modulated depending upon the parameter
Dgiobal (Optimum). Here, dgiobal is the function of the mass of air and biogas inducted, and the
mass of fuel (pilot) injected into the combustion chamber. The aim of the investigation is to
achieve the efficient overall performance (performance, combustion, and emission) of a biogas
DFM engine. As the experiments are carried out at the optimum @giobal (at each of the applied
load on the engine), hence, at a particular load, the marginal variations of BFRs with various
TBs are observed (Fig. 7.1). These nominal variations of BFR might be due to the experimental
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uncertainties. At the part load of 0.83 bar, the higher BFRa are noticed with the TB-DEE blend
and in nr-DFM (WOP). The BFRs with other blended fuels are found to be more or less similar.
However, the higher BFR with

1.6 - — -
TB-DEE indicates an - Preheating temperature = 55£2 °C ‘
' _ = 1.4 4z¢ Tp-r === TR-DLE HEE| TB-BT 58 #-DEM § (WP)
improvement of the engine Eb 1 5 Juem .omv oo ?’ |
performance. Because of the ‘;‘ A . f’ g
10 t optimum Q?g—lnha] " i P
case of without preheating, more & ‘; %
. . _ 0.8 g
biogas is inducted inside the E . ?7 s i:f:ﬁE z? %
cylinder, hence, in nr-DFM &= 00 ’; § Rox— g; § !;
= P P
(WOP), the BFR rises as %0-4 ?? % ?§:§= ?a § K
. s KSS— ZRNK
compared to other states in & 0.2 ?? % ggzg ?; %
DFM. At all loads, the BFR with 0.0 = o —
TB-BT is estimated to be lower 083 BMmEP (bar) il

than TB-E and TB-DEE. It may Fig. 7.1 Characteristics of BFR with load
be due to the higher viscosity

and density of this blended fuel (TB-BT) as indicated in Table 7.3. The consequence is the
higher liquid droplet size that hinders complete combustion. This reduces the ability to take
more biogas in DFM with TB-BT blend. The effects of higher viscosity and density are

discussed later in the analysis of combustion of the engine.

At higher loads, due to the enhancement of in-cylinder pressure and corresponding
augmentation of cylinder mean gas temperature (CMGT), the ability to burn the higher-octane
fuel in DFM engine increases substantially. This attributes the increasing capability to consume
biogas at higher loads of the DFM engine. At 0.83 bar, in nr-DFM (WOP), the BFR is noticed
as 0.736 kg/h. At this load, the reductions of BFRs with TB-BT, in nr-DFM (WP), and with
TB-E as compared to nr-DFM (WOP) are found as 2.13%, 1.96%, and 0.77%, respectively.
Whereas, there is an increment of 1.68% of BFR with TB-DEE blend relative to nr-DFM
(WORP) is found. At the higher load of 4.14 bar, the BFR with nr-DFM (WOP) is estimated to
be 1.27 kg/h which is higher in DFM. Whereas, at this higher load, the corresponding
reductions of BFRs with TB-BT, in nr-DFM (WP), with TB-E and TB-DEE in comparison to
nr-DFM (WOP) are estimated as 10.14%, 8.01%, 7.94%, and 5.16%, respectively. The
variations of BFRs in the present investigation are somewhat similar to that have been reported
by Makareviciene et al. (2013), Barik and Murugan (2014), Barik and Murugan (2016), and,
Barik and Murugan (2016a). Most of the researchers (Sahoo, 2011; Debnath, 2013; Bora, 2015;
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Verma et al. 2017a) carried out the investigation in DFM at very high BFR (~1.8-3.5 kg/h, at

which the misfire appeared) to replace a very high amount of diesel fuel.

The BSEC is defined as the ratio of input fuel energy per unit time to engine power output.
Therefore, this parameter has the ability to qualify the suitability of fuel in an engine. The lower
input power and the corresponding higher output power is always desirable. Consequently, the
higher BSEC means an inefficient utilization of fuel and vice versa. Thus, the reduction of
BSEC at higher loads indicates efficient utilization of the fuel input energy. However, the
inducted fuel biogas has a very high self-ignition temperature, lower LHV, and CO; (the
ignition inhibitor agent) present in biogas as the major constituent (Luijten and Kerkhof, 2011).
Hence, the internal relations among the parameters such as inducted air and biogas, and the
injected pilot fuel is crucial, which can be expressed in terms of @gonai (Bedoya et al. 2009).
Besides, the DFM engines generally suffer from the deficiency of oxygen due to the
replacement of fresh air with the inducted gaseous fuel (Sahoo 2011, Bora 2015, Barik and
Murugan 2016a). Hence, optimization of @giopal, preheating of the intake charge and using of
renewable oxygenated fuels can ensure the efficient utilization of the fuels in DFM. The
variation of BSEC with loads is portrayed in Fig. 7.2 in which the effects of the optimization
of @gioval, preheating of the intake charge and using of renewable oxygenated fuels are

considered. With these
Average Global Fuel-Air Equivalence Ratio

combinations (with optimum  — |, 031 - 036 - O 051 0.57
®glonal, preheating, and using of %11 Intake charge temperature = 55 £2° C
g Y
renewable oxygenated fuels), 510 A IB-E e
] . & X TB-DEE =
the BSEC is noticed to be z 5 ihET -
sufficiently lower even at part % & nr-DIM (WPY) 5
T ¥ nr-DFM (WOP)
loads as compared to the E 6 é —o—PDM
reported data (Bora and Saha, é 5 *
2014; Bora and Saha, 2015a; E 4
Bora and Saha, 2016a; Verma et % 3TV T S T T
_ 0.83 1.65 2.48 331 4.14
al., 2017a). The BSEC is BMEP (bar)

observed to be higher at part Fig. 7.2 Characteristics of BSEC with load

loads and reduces with the

increase of loads. In ascending order, the BSECs in PDM< with TB-DEE< with TB-E< in nr-
DFM (WP)< with TB-BT< in nr-DFM (WOP), are noticed. At the part and higher loads of

0.83 and 4.14 bar, the BSEC in nr-DFM (WOP) are evaluated as 10.87 and 3.97 kJs* in
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fuel/kW, respectively, which are higher in comparison to the BSECs in nr-DFM (WP), with
the blends of the oxygenated fuels (TB-BT, TB-E and TB-DEE) and in PDM. At 0.83 bar, the
reductions of 1.01% , 1.88% , 2.20% , 2.26% and 27.73% of BSECs are noticed in nr-DFM
(WP), with TB-BT, TB-E, TB-DEE and in PDM with reference to nr-DFM (WOP),
respectively. At 4.14 bar, the similar order of reductions of BSECs in nr-DFM (WP), with TB-
BT, TB-E, TB-DEE and in PDM relative to the one in nr-DFM (WOP) are estimated as 3.91%,
4.31%, 5.66%, 6.27%, and 17.67%, respectively. Hence, the results indicate that with
preheating and with the use of the oxygenated fuels in comparison to nr-DFM (WOP) there is

a marginal improvement of fuel utilization at part loads and sufficiently higher at higher loads.

The characteristics of CA50 with loads in PDM and in DFM with various pilot fuels are

portrayed in Fig. 7.3. In DFM,
9

the CA50 is noticed to have | P73 nr-DEM (WOP) mmmm #r-DFM (WP)
: I TB-E NN\ TB-BT

advanced with loads. However, : Bes TR.DEE E208 PDM
there is a little variation of CA50 ] ?
with load for the case without ?g % N

- O 1% N
preheating. For the blended S ] /= \
oxygenated fuels, a relatively 53 A %E §
retarted CAS50 is noticed with %E %i :
TB-BT, and the advanced CA50 %E %i i :
is observed with TB-DEE, o JZ= = :
whereas the itermediate one is 165 oMEP (bar)

obtained with TB-E. The
advanced CA50 with TB-DEE

may be due to the very high cetane number of DEE (>125), which promotes the occurrence of

Fig. 7.3 Characteristics of CA50 with load

early stage of SOC. On the other hand, a comparatively retarted CA50 with TB-BT is probably
due to the higher viscosity of butanol that leads to the bigger fuel droplet size and therby taking
longer time to evaporate.

The parameter BTE is inversely proportional to the parameter BSEC. Therefore, the physical
reasons for the variations of BTE with loads (Fig. 7.4) are similar to that with BSEC. In all
cases, the lower BTE is observed in nr-DFM (WOP). At the loads of 0.83 and 4.14 bar, the
BTEs in nr-DFM (WOP) are calculated as 9.20% and 25.22%, respectively. At 0.83 bar, in
comparison to nr-DFM (WOP), the increment of BTEs in nr-DFM (WP), with the blends of
TB-BT, TB-E, TB-DEE and in PDM is estimated as 1.02%, 1.91%, 2.13%, 2.31% and 38.37%,
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respectively. At 4.14 bar, the enhancement of BTEs in nr-DFM (WP), with the blends of TB-
BT, TB-E, TB-DEE and in PDM as compared to the one in nr-DFM (WOP) are found as
4.07%, 4.50%, 6.00%, 6.69% and 21.46%, respectively. In the present research work, a
sufficiently higher BTE is found

Average Global Fuel-Air Equivalence Ratio

than the one obtained (at 0.36 0.44 0.51 0.57

32 |||||||||| L+ 1 3 53 L+ 1 1 1 3
optimum advanced IT = 29
CAD bTDC and CR = 18 using -
pure rice bran biodiesel as the ,-;24
-
=)
ilot fuel) by Bora (2015). The
p ) by (2015) 20 .
reasons may be attributable to E 1 X TB-DEE{ .
. . 5 © TB-BT
the very higher rate of biogas & nrDFM
consumption at which misfire L2 K ar-DFM (WOP)
_ o} —o—rDM
has been encountered. Besides, 8 T T T T
. i 0.83 1.65 2.48 3.31 4.14
he has used pure biodiesel as the BMEP (bar)

pilot fuel. However, according
to IEA report (OECD/2011), up

to 20% of biodiesel by volume blended with diesel can efficiently be used in diesel engines.

Fig. 7.4 Characteristics of BTE with load

Nevertheless, pure biodiesel has a considerably higher viscosity (approximately two times) and
density than diesel fuel (Table 7.1). Hence, due to higher surface tension, there could be the
formation of coarse droplets at the end of injection of the pilot fuel instead of a fine one. It is
to be noted that the investigator (Bora, 2015) has carried out a contemporary investigation in a
DFM engine at various advanced ITs and CRs with the aim of maximum use of biogas and
100% replacement of diesel fuel with biodiesel fuel. In the present investigation, the higher
BTE in DFM with TB-DEE may be due to the relatively higher advancement of CA50 than the
ones with TB-E and TB-BT. However, the lower increment of BTE may be due to the higher
CD associated with the advanced CA5O0.

The variations of biogas energy share (BES) and blended fuel energy share (BFES) are shown
in Fig. 7.5. In all states, higher BES is noticed at the minimum applied load of 0.83 bar. While,
at the load of 1.65 bar, it comes to the lowest level. Thereafter, the BES increases with the
increase of loads. The higher BES at, the lower load of 0.83 bar may be due to higher engine
speed and lower in-cylinder temperature (CMGT) that allow consuming more amount of
biogas. Further, in the trial run of the engine in DFM, higher emissions of CO and HC are

observed at the load of 1.65 bar. Hence, the BFR is reduced in such a way that there could be
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a reduction of CO and HC emissions with preheating as compared to the one without
preheating. Besides, there is a reduction of engine speed at the load of 1.65 bar than 0.83 bar.
Therefore, these reasons are Average Global Fuel-Air Equivalence Ratio
attributed to the reduction of 0 031 036 044 051 057
BES at the load of 1.65 bar than ]

the other applied loads. Thus,
the trends of the BES and BFES

are found as that can be seen in
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=]
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.

EEY
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—&— IB-DEE : _
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——nr-DFM (WOP)
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Fig. 7.5. In the analysis, the
energy shares at various loads
with  nr-DFM  (WOP) are

N
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i
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Blended Fuel Energy Share (%)

Biogas Energy Share (%)
R
|

considered as the reference 42 o T R — 30
) 0.83 1.65 2,48 3.31 4.14

frame. At all loads, the higher BMEP (bar)

BES is noticed with TB-DEE, Fig. 7.5 Variations of biogas and

and lower is found with TB-BT. blended fuel energy shares with load

At the load of 0.83 bar, the BES and BFES in nr-DFM (WOP) are attained as 52.45% and
46.85%, respectively. Whereas, at 4.14 bar, the BES and BFES are observed at 49.80% and
50.20%, respectively. At 0.83 bar/4.14 bar, the BESs are estimated to be reduced by
3.17%/4.24%, 2.44%/5.99%, and 1.16%/2.24% in nr-DFM (WP), with the blends of TB-BT,
and TB-E, as compared to nr-DFM (WOP), respectively. Whereas, at 0.83 bar/4.14 bar, the
increment of BESs with TB-DEE blend relative to the one in nr-DFM (WOP) are found to be
1.89%/1.63%. The reduction or increment of BES means the vice versa of BFES. Thus, at 0.83
bar/4.14 bar, the BFES in nr-DFM (WP), with TB-BT, and TB-E, are assessed to increase by
5.04%/5.95%, 4.23%/4.21%, and 2.80%/2.22%, respectively, as compared to nr-DFM (WOP).
While, at these loads (0.83 bar/4.14 bar) the BFESs are observed to increase by 0.61%/1.61%
as compared to nr-DFM (WOP), respectively. The higher cetane number of DEE in TB-DEE
helps to augment the combustion process. Hence, with the increase of loads the BES and the
corresponding BFES with the blend TB-DEE are observed to increase and decreased,

respectively. A similar trend of energy share is also observed by Barik and Murugan (2014).

The variations of liquid fuel replacements (LFR) and actual diesel replacements (ADR) are
depicted in Fig. 7.6. The LFR (blended and diesel fuel replacements) is the consequence of
consumption of gaseous fuels and both are balanced to keep the engine speed intact to that of

PDM at a particular load. Therefore, the trend of LFR will be more or less similar to that of
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gaseous fuel (biogas) energy share as reflected in Fig. 7.6. The replacements in nr-DFM (WP)
and with the blended fuels are found to be higher than that in nr-DFM (WOP). The reasons are
attributed to the effects of preheating at optimized @gional that helps to faster the reaction and

to accelerate the  flame Average Total Fuel-Air Equivalence Ratio

. ;3 JIntake charge temperature = 55 £ 2° C il

extra oxygen on combustion of e = 60
® o003 o SOt AT . 5 SRR 55

oxygenated fuels. At 0.83 bar, 550 e e 50 g
. . g9 A 45 3

the LFR in nr-DFM (WOP) is & & 15DEE 40 2
acquired as 28.04%. With &~ { “orTBBI : 35 &
g e 540 i ——woru . 30 2
reference to these combinations = = m DEMWOR) | 2573
. 3 20 @

(LFR at 0.83 bar in nr-DFM & 35 A
w - —
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= > 5

DFM (WP), With TB‘BT, TB'E, iq 25 llllllllll Frrvoet | L 0 <

1 1
and TB-DEE are noticed to rise 1'6SBMEZ_1';”(Sbm~)3'3] b

by 5.86%, 3.92%, 4.84%, and Fig. 7.6 Variations of LFR and ADR with load

7.74%, respectively. At 4.14

bar, the LFR in nr-DFM (WP), with the blends of TB-BT, TB-E, and TB-DEE are found to
increase by 5.08%, 0.27%, 3.50%, and 6.50%, respectively as compared to nr-DFM (WOP).

However, there is a lucrative

amount of ADR (considering, 0.8 § Preheating temperature = 55+2 °C

the mass of liquid renewable (0.7 gzez¢ TB-E === TR.DEE BEEI TB-BT 'S nr-DEM }(WP)
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higher use of biogas (Sahoo,
2011; Bora and Saha, 2014;
Bora, 2015; Vermaetal., 2017a)

as the cheaper renewable fuels.
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A

g
/

0.83 4.14

BMEP (bar)

However, IIqUId fuel inside the Flg 7.7 Variations of @global with load

injector serves as a coolant to maintain the nozzle tip temperature within a limit. Hence, a very
high replacement of liquid fuel can lead to burnout of the nozzle tip concerning the long-term

run of the DFM engine, and there will be a higher probability of incomplete combustion. At
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0.83 bar, the ADRs are estimated as 52.37%, 53.01% and 55.04% with TB-BT, TB-E, and TB-
DEE, respectively. At 4.14 bar, the ADRs with TB-BT, TB-E, and TB-DEE, are calculated as
55.49%, 57.75%, and 59.84%,
respectively. The higher ADR
with TB-DEE may be due to an

=
~

Preheating temperature = 55=2 °C
¢ TB-E = TR-DEE HEE| TB-BT " #-DFM | (WD)

BB rnr-DFM (WOT)

o]
W

improvement of combustion in

ixed

engine in DFM. It may be due to

very high cetane number and the

D

{]
]

better cumulative properties of
TB-DEE (Table 7.3).
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Dpremixed With loads are shown in 83
Figs. 7.7 and 7.8. The optimum BMEP (bar)

but average ®giosar/load (bar) are Fig. 7.8 Variations of @goa With load
noticed as 0.31/0.83, 0.36/1.65, 0.44/2.48, 0.51/3.31 and 0.57/4.14, respectively. The average
Dpremixed at the load of 0.83 bar and 4.14 bar are calculated as 0.15 and 0.26, respectively. The

values of @premixed are varied in between of these two 'part and higher' loads.
7.4 Combustion Analysis

Here, the combustion behaviors of the engine are characterized by considering the parameters
such as ID, in-cylinder pressure and NHRR history, CD, CMGT, exhaust gas temperature
(EGT) and cycle-by-cycle variations of CPP.

The variations of ID with loads are presented in Fig. 7.9. The ID is the crank angle measurement
between the point of static injection of liquid fuel and the point at which the NHRR =0, JJCAD
(SOC) and from which it steeply rises as seen in Figs 7.12 and 7.13. In all states, the lower 1D
is noticed with preheating of the intake charge. Minimum ID is found with TB-DEE and
maximum in nr-DFM (WOP). However, the blend TB-BT exhibits a higher ID than the other
blends. It may be due to the higher viscosity of the blend TB-BT (Table 7.3). Therefore, the
higher surface tension of this blended fuel enhances the size of the fuel droplets that takes a
long time to evaporate. The higher ID is observed in DFM as compared to PDM. It may be due
to the higher self-ignition temperature of biogas. Another interesting observation at the time of
experiments is that the reduction of peak pressure of fuel inside the injector due to the decrease

in peak pressure of the combustion chamber in DFM than PDM. This is attributed to the higher
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spray droplet size, and the consequence is the higher ID (Heywood 1988). At 0.83 bar, the
reductions of IDs in nr-DFM (WP), in PDM, with TB-BT, TB-E, and TB-DEE as compared to

the one in nr-DFM (WOP) are
) ( ) 20 . Preheating temperature = 5512 °C
noticed as 10.4%, 12%, 7.2%, 77 TB-E === TB.DEE BEN| TB-BT N »r-DEM }(WP)
8.8% and 13.6%, respectively. ?t' 15 e wr-nem (wor) mmm pow ;?
The higher reduction of ID is © JAt optimum D ot gi § 9
e’ - (77 .
noticed at higher loads. & - : g; s %=l Ei % Eis
o V7] S R
However, the IDs, in nr-DFM & ] %5 N AN % s
= 1 Z\=E R ||
(WP), with TB-BT and TB-E & 1 §5$ 5= gii =
= 5 o X
are increased with the increase = & = ?i § {§3= ?i % E:;E
] — XX
of loads relative to the ID with 1] ” i §:= ” § =
TB-DEE and in PDM. It may be =
0.83 \ 4.14
owing to very high cetane BMEP (bar)

number of DEE that causes an

Fig. 7.9 Variations of 1D with load

early SOC of the fuel mixture.

On the other hand, very high CPP and CMGT developed inside the combustion chamber in
PDM reduce the ID. At the higher load of 4.14 bar, the IDs in nr-DFM (WP) and PDM, with
TB-BT, TB-E, and TB-DEE are found to reduce by 15.63%, 43.75%, 10.63%, 15.63% and
48.13%, respectively, in comparison to nr-DFM (WOP). The ID in the present study is found
to be substantially lower than the one estimated by Bora and Saha (2014), Bora and Saha
(2015a), Bora (2015). It may be due to the consumption of a very high amount of biogas. They
have (Bora and Saha, 2014; Bora and Saha, 2015a; Bora 2015) considered the static injection
timing of 23 CAD bTDC (337 CAD) to estimate the ID and have found the IDs within the
range of ~23-30 CAD, however, the NHRR, or in other words, the SOC has been noticed before
to the TDC (360 CAD). The variations of ID can also be expressed with the Arrhenius equation
(Aklouche et al., 2018) as below:

E
ID = z1 X ®Z%, ) X p?® X exp (— A/RTCMGT) (7.1)

where, z1, z2, and z3 are the constants, and E,, R, Toyer are the activation energy of the fuel
(kJ/kg), universal gas constant (J/kg K) and the cylinder mean gas temperature (K). This
equation indicates that higher the ®gioba, higher will be the 1D. Whereas, lower the E, and
higher the T¢p e, lower will be the ID. The term Ej4 is inversely proportional to the cetane

number. Consequently, at the optimum @gional, the lower ID with TB-DEE is obtained due to
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the higher cetane number of DEE. Hence, optimization of ®@giobai in DFM is crucial to get the

efficient results in DFM. In the present investigation, similar results of ID are obtained as that

of Barik and Murugan (2014).

The characteristics of the in-cylinder pressure histories in different modes of engine operation

and with various oxygenated fuels blended with diesel are shown in Figs 7.10 and 7.11.

Cylinder pressure history is the
key parameter to characterize
and to generate the parameters
that are essential to
understanding  the  engine
combustion behavior. In this
investigation, the higher CPP is
observed in PDM. However,
with preheating and with the
blended fuels, the CPPs are
noticed to be significantly
higher than the one estimated

without preheating. The
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Fig. 7.10 Variations of in-cylinder
pressure (AL: 1.65 bar) with CAD

magnitude of CPPs and the corresponding crank angle positions with preheating, and with

various blended fuels relative to nr-DFM (WOP) at the loads of 1.65 bar and 4.14 bar are
presented in Table 7.4. At the part load of 1.65 bar and higher loads of 4.14 bar, the CPPs

(bar)/CAD in nr-DFM (WOP)
are found as 54.49/369 and
65.06/371,
DFM, at all loads, the maximum
CPPs are observed with the TB-
DEE blend. It may be due to

respectively. In

very high cetane number (>125)
of DEE and, hence, pretends as
an ignition improver. This is
attributed to the early starts of
SOC in presence of DEE and,

diminishes the effects of the
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ignition inhibitor agent CO> that is present in biogas (Pizzuti et al., 2016). Consequently, the
higher shifting of crank angle position towards TDC is observed with TB-DEE relative to nr-
DFM (WOP). Hence, the CPP with TB-DEE is noticed to be higher and even found nearest to
the TDC than PDM, and the trend of CPP is found similar to that of PDM. These are accredited
to the efficient utilization of the expansion stroke and the corresponding higher power output.
The other reasons for the augmentation of the combustion in DFM with TB-DEE include the
higher cumulative LHV, diesel likes viscosity and density and the DEE has the extra inbuilt
oxygen molecules with higher cetane number. It is to be noted that the blends TB-BT, TB-E,
and TB-DEE are prepared based on the same oxygen quantity. The higher CPP with the best
quality concerning nearest position to TDC, is noticed with TB-DEE and worst with TB-BT.
The blend TB-BT has the higher density and viscosity relative to diesel and other blended fuels.
It causes the higher surface tension during the entrainment of air into the spray jets. Another
fact is that due to the reduction (in terms of replacements of the pilot fuel) of the pilot (liquid)
fuel quantity that sprayed over the gas mixture in DFM, the peak fuel pressure in the high
pressure fuel line reduces, and this is noticed during experiments. Therefore, the corresponding
jet velocity is reduced. These are attributed to the higher droplets size and the corresponding
inefficient combustion with TB-BT (Heywood 1988). However, in this present research work,
substantially higher peak pressures are obtained in DFM than that have been noticed at
advanced IT = 29 CAD bTDC and CR = 18 by Bora and Saha (2015a), Bora (2015). On the
other hand, Verma et al. (2017a) and Barik and Murugan (2014) found higher CPP than the

PDM. It can only be possible with the richer mixture of fuel and air.

Table 7.4 The CPPs and corresponding crank angle positions at different states

Relative to nr-DFM (WOP) (360 CAD = 0 CAD)

. . AL: 1.65 bar AL: 4.14 bar
Engine Operation — —
Increment of Position (CAD) Increment of Position (CAD)
CPP (%) (@aTDC) CPP (%) (@aTDC)

nr-DFM (WP) 4.39 6 3.92 10
TB-BT 2.44 7 4.84 10
TB-E 3.17 6 5.67 9
TB-DEE 6.46 5 7.27 6
PDM 10.26 6 11.16 8

In nr-DFM (WOP), CPP (bar)/position (CAD) (aTDC) at (a) AL: 1.65 bar is 54.9/9 and (b) AL: 4.14
bar is 65.06/11

The engine in-cylinder NHRR histories at the loads of 1.65 bar and 4.14 bar, with crank angles,
are shown in Figs 7.12 and 7.13 without and with preheating and with various blended fuels.
The higher peak of NHRR and the corresponding optimum crank-angle position (left side,
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relative to TDC) of NHRR (Figs 7.12 and 7.13) are always desirable to achieve an efficient

ilizati [ : 120 H
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as these two parameters are Fig. 7.12 Variations of NHRR (AL: 1.65 bar) with CAD
internally related to each other.

The generation of NHRR, however, can also be expressed in terms of the following Arrhenius

equation (Chintala and Subramanian, 2017).

Eq

ROR =1, X exp (— ) X [Fuel]'z x [Oxidizer]' (7.2)

TCMGT

where, ROR is the rate of reaction and, [,, [,and [; are the constants. The equation 7.2 reveals

that the fuel with an oxidizer and 120
——TB-E
higher in-cylinder temperature &'!'0 —%— TB-DEE
< 100 —O—TB-BT
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Fig. 7.13 Variations of NHRR (AL: 4.14 bar) with CAD

acceleration of ROR. Thus, the

higher NHHRs are observed with the oxygenated fuels as compared to the one without
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preheating and investigation without the oxygenated fuels. The enhancement of CMGT and the
detailed discussion has been made later in this section. The NHHR estimated at each of the
loads are observed to be significantly higher with preheating and with the oxygenated blended
fuels than the cases without preheating (Table 7.5). Besides, the NHRRs are noticed to be
substantially higher than those reported work (Bora and Saha, 2015a; Bora, 2015).

Table 7.5 The peaks of NHRR and the corresponding crank angle positions

Relative to nr-DFM (WOP)

Engine AL: 1.65 bar AL: 4.14 bar
Operation Increment of the Position (CAD) Increment of the Position (CAD)
peak of NHRR (%) (aTDC) peak of NHRR (%) (bTDC)

nr-DFM (WP) 12.07 0 2.69 3
TB-BT 2.30 1 2.45 2

TB-E 4.32 0 4.25 3
TB-DEE 33.26 1 8.24 4

PDM 63.53 1 15.77 3

In nr-DFM (WOP), the peaks of NHRR (J/CAD)/ CAD (aTDC) at (a) AL=1.65 bar is 45.82/3 and (b)
AL =4.14 bar is 79.12/4
The variations of CDs with loads at optimized @gionar and with various blended fuels are shown
in Fig 7.14. The CD depends on the premixed combustion and diffusion combustion phases.
The shorter CD is the consequences of the rapid premixed combustion and the corresponding
shorter diffusion combustion phases. The higher CD is noticed with diesel fuel in PDM. In
PDM with diesel fuel, there is no propagation of flame. Therefore, in PDM the diffusion

combustion predominates over premixed combustion.

The shorter CD is desirable in order to have the efficient utilization of the expansion power.
The shorter CD is noticed in DFM as compared to PDM as there is the propagation of the flame
front. However, the maximum CD in DFM is observed in nr-DFM (WOP). The reasons for a
higher CD in nr-DFM (WOP) are already discussed previously. In DFM with blended fuels,
the lowest CD is observed with TB-DEE and higher with TB-BT. Nevertheless, the lower CD
with TB-DEE would be due to the higher cetane number of DEE and enrichment of oxygen at
the time of combustion. Being the higher cetane fuel (>125), DEE helps an early starts of SOC,
and the release of extra oxygen helps to promote a faster flame propagation. The blend of DEE
also has the higher LHV (Table 7.3) in comparison to other blends. On the other hand, in TB-
E, the volume quantity of ethanol is lower in comparison to the volume quantity of BT and
DEE in TB-BT and TB-DEE, respectively. It is to be noted that the oxygen amount in ethanol
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molecule is higher than BT and DEE. Therefore, the lower volume percentage of ethanol in the
blend (as compared to the volume percentage of BT and DEE in TB-BT and TB-DEE,

respectively) and the effects of

o0
=

Preheating temperature = 5512 °C

preheating of the intake charge
“92¢ TB-E === TB-DEE HEE| TB-BT 'S¥ »r-DFM }(WP)

diminish the effects of a higher
K%, nr-DFM (WOP) BEEI PDM

o -

heat of vaporization of ethanol :
At optimum @

slobal

L

2 70
= 603
2 0_5
on combustion. Consequently, ] 3 : 7
. . . 2404 7w 7
the improvement in combustion =] 3 ;’ % f; e
] & 1 K
is noted with TB-E than TB-BT. .5 30 3 ?i E ; ?i % '.’E:
- i ¢ 4 / (%2
However, at part load, the CDis 5 203 ?a i Ei i :E:
i & PN %
found to be marginally higher ~ E 103 ?:ﬁi g ?i N :
1 N 9
with TB-BT and TB-E. It may ¥ 01 N DN
be due to the higher heat of 0.83 pMEP (bar) 4.14
vaporization of ethanol and Fig. 7.14 Variations of CD with load

higher viscosity of butanol (BT).
At the part load of 0.83 bar, the CD in nr-DFM (WOP) is found as 43 CAD. At this load, the
CDs in nr-DFM (WP) and with TB-DEE are noticed to be reduced by 3.02% and 8.60%,
respectively, as compared to nr-DFM (WOP). While, at this part load, there are increments of
CD by 5.12%, 4.65% and 2.33%

_ 2000
with the blends of TB-BT, TB-E —o— 1B

i : 18004 * IBDEL Ry
and in nr-DFM (WP) with © TBBT
A pr-DFM

respect to nr-DFM (WOP), 1600 @ w-DFM (WOP)

PDM

respectively. At the higher load %1400 At optimum o

= sl QR
of 4.14 bar, the CDs are © BMEP = 1.65 bar @ 3%/

= 1200
estimated to be reduced by ©
22.50%, 22.92%, 25.00%, and ' 0°°
40.42% in nr-DFM (WP), with 8004
the blends of TB-BT, TB-E, and coo 22

340 350 360 370 380 390 400

TB-DEE, respectively, relative
to nr-DFM (WOP). Whereas, in
PDM, the CD in comparison to
nr-DFM (WOP) is found to enhance by 4.17%. In DFM, Barik and Murugan (2014) also found
the similar trend of the CD.

Fig. 7.15 Variations of CMGT with CAD (AL.: 1.65 bar)
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At the part load of 1.65 bar and the higher load of 4.14 bar and various states, the variations of
cylinder mean gas temperature (CMGT) are portrayed in Figs 7.15 and 7.16, respectively. The
parameter CMGT is the footprint of the indication of the progress of engine combustion. The
higher CMGT and CPP imply the shorter physical period and earlier starting of chemical
reaction (Heywood, 1988; Aklouche et al., 2018). These, attribute to the higher NHRR and

shorter CD and a clear

T . . 2000
indication of the improvement in T qauREN,
) ..\65;)000'@ -
the combustion process. 1800 *69 """" @@égaé
o) -
However, the position of the 1600 xé _ 4 g%
— ~@ ;
CMGT during combustion is %1400 *a e © TBE
. . = Iy o X MDYy
important to utilize the power. §1200 2 i
. S % ar-DLIM (WOP)
The parameter, CMGT is g & BOM
. . _ 1000 : ,
directly proportional to the in- ”_.o Atoptimum @,
Cald e BMEP = 4.14 bar
cylinder pressure. Therefore, the 800 oy r:--f":--"f@ééo -
668 St ature = 5542 °C
rehealing temperature = 5522 °C
physical reasons of the 600

I . 340 350 360 370 380 390 400
variations of CMGT are similar CAD

to that with in-cylinder pressure  rig 7,16 Variations of CMGT with CAD (AL: 4.14 bar)
and NHRR variations as

discussed above. At the load of 1.65 bar and 4.14 bar, the peaks of CMGT in nr-DFM (WOP)
are estimated to be 1362.20 K and 1657.38 K at the corresponding crank angle positions of 380
CAD and 381 CAD, respectively. The peaks of the CMGT and corresponding positions in nr-
DFM (WP), TB-BT, TB-E, TB-DEE and in PDM relative to nr-DFM (WOP) are represented
in Table 7.6.

Table 7.6 The peaks of CMGT and the corresponding crank angle positions

Relative to nr-DFM (WOP)

Engine AL: 1.65 bar AL: 4.14 bar
Operation Increment of the Position (CAD) Increment of the Position (CAD)
peak of CMGT (%) (@TDC) peak of CMGT (%) (@aTDC)

nr-DFM (WP) 11.07 19 14.13 22
TB-BT 7.88 19 12,51 21

TB-E 8.87 18 12.75 20
TB-DEE 12.08 17 16.35 20

PDM 9.99 15 15.68 21

In nr-DFM (WOP), the peaks of CMGT (K)/CAD (aTDC) at (a) AL= 1.65 bar is 1362.20/20 and (b) AL
=4.14 bar is 1657.38/21
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At all loads, the maximum peak of the CMGT is noticed with TB-DEE. On the whole, the
substantial improvement in CMGT is found with the preheating and with the blended fuels
(TB-BT, TB-E, and TB-DEE). The CMGT is directly proportional to the reference temperature
as indicated in the equation (Appendix-A). Therefore, the small variations of reference
temperature will have the great influence on the variations in CMGT. Besides, the release of

extra oxygen after immediate SOC helps to enhance the CMGT.

The variations of exhaust gas temperature (EGT) (with loads and under various conditions) are
shown in Fig. 7.17. The higher EGT means, the higher loss of energy into the dead state.
Therefore, the lower EGT is

always desirable. Throughout 3 : Preheating temperature = 55+2 °C
< 5¢Z¢ TB-E M TR-DEE HENI TB-BT '8% »-DFM } (WD)

the load spectrum, higher EGT
is noticed in nr-DFM (WOP) = 600 Je or-DF (wor) B2t POV
and lower with TB-DEE. The 500 4 Atoptimum &,
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simultaneous higher rate of 0.83 414
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Fig. 7.17 Variations of EGT with load

releasing of heat due to higher
CPP and CMGT. The EGT is
noticed to be lower with the case of preheating and with blended fuels. It may be due to the
higher shifting of CPP towards TDC and the corresponding efficient utilization of the
expansion power. At 0.83 and 4.14 bar, the EGTs in nr-DFM (WOP) are observed as 462.16
K and 606.16 K. At 0.83 bar, the reduction of EGTs in nr-DFM (WP), with the blends of TB-
BT, TB-E, and TB-DEE and in PDM relative to nr-DFM (WOP) are estimated as 1.30%,
3.89%, 4.54%, 7.79% and 7.14%, respectively. At 4.14 bar, the EGTs in nr-DFM (WP), with
the blends of TB-BT, TB-E, and TB-DEE and in PDM as compared to nr-DFM (WOP), are
found to decline by 2.47%, 4.95%, 5.44%, 7.92%, and 5.94%, respectively.

The variations of COV of IMEP in PDM and in DFM are shown in Fig. 7.18. The maximum
COV is noticed at part loads as compared to higher loads in all the cases. Nevertheless, there
are the significant reductions in COV with preheating (at all loads) and with ternary blends of
oxygenated fuels. The lowest COV is noticed with TB-DEE. It may be due to the early SOC
and presence of oxgen in the biodiesel and DEE besides the propagation of flame through
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biogas (with CO2 as major constituent). It is to be noted that the IT and CR have been kept
constatnt at 23 CAD bTDC and

15
_ W44 rnr-DFM (WOP)
= L/
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due to the diesel-like fuel Fig. 7.19 Variations of cyclic variations of CPP (AL: 0.83 bar)

characteristics of this blended
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fuel (Table 7.3). Another reason for lower cycle-by-cycle variations with TB-DEE may be due

to the formation of a homogeneous fuel-air mixture in the presence of a lower quantity of DEE

in TB-DEE. Conversely, the ;i BMEP = 4.14 bar
i i i i 73
higher viscosity and density of = f
TB-BT promote to form a ;(1) 3 PDM average pres\s:\ure = 72.32 bar
miXthe that iS more ;% average pressyre = 69.57 bar
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68
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characteristics in  different 67

modes of engine operation, the 66
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average pressure — 67.61 bar
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are considered. In general, the o WO YA e R

65 —— nr-DI'M (WP)
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However, the drastic w-DEA WOy
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curtailment of the emission of ' 80 100
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NOyx is revealed in DFM as
Fig. 7.20 Variations of cyclic variations of CPP (AL: 4.14 bar)
compared to PDM. The reasons
for higher CO and HC emissions in biogas DFM engine are mainly due to the lowering of
CMGT, deficiency of oxygen, and the act of CO; as the flame extinction agent present in

biogas.

The characteristics of CO emission with loads, without and with preheating and with various
blended fuels are depicted in Fig 7.21. Throughout the load spectrum, the lowest CO is
identified with TB-DEE blend. Higher CO is noticed in nr-DFM (WOP). With preheating and
with blended fuels, the reducing trends of CO emission with the increasing of loads are
demonstrated. The CO is found to be marginally higher with TB-E than that in PDM. On the
other hand, significantly higher CO emission is noticed with TB-BT and in nr-DFM (WP) in
comparison to PDM but substantially lower than that in nr-DFM (WOP). At 0.83 and 4.14 bar,
the emissions of CO (vol.%) in PDM are measured as 0.064% and 0.029%, respectively. At
0.83 bar, the increments of CO, with TB-E, TB-BT, in nr-DFM (WP) and nr-DFM (WOP) in
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comparision to PDM are estimated as 7.81%, 32.81%, 39.06% and 87.50%, respectively.

However, at this load with
Average Global Fuel-Air Equivalence Ratio

respect to PDM, the reduction of 0.31 0.36 0.44 0.51 0.57
| T T T T | T T T T T T l & 2 3 1 1
CO0f10.94% s foundwith TB- 1€
0.14 3 —A—TB-E
DEE blend. At 4.1.4 bar (load o _%/é———%’—%.\K el
=100%), the reductions of CO ="~ "~ 7 —O—1B-BT
. 20103 —&— nr-DFM
relative to PDM are calculated 20103 NG (WOP)
=

as 6.90%, 34.48% and 51.72% ‘7 0.08 2 —9—PDM

with TB-BT, TB-E, and TB- 50.06-2

DEE, respectively. While at this € 0.04 3 '
o q Intake charge

higher load, in comparison to 0.02 4 temperature = 55 2° C
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PDM, the increment of CO 0.83 1.65 2.48 3.31 4.14
emissions in nr-DFM (WP) and BMEP (bar)
in nr-DFM (WOP) are noticed Fig. 7.21 Variations of CO emission with load

as 68.97% and 375.86%, respectively. The factors that influence the reduction of CO with TB-
DEE (from part to higher loads) are higher cetane number that helps an early SOC, higher
CMGT, faster flame propagation, and release of extra oxygen at the time of combustion.

The variations of HC with loads and at various states are shown in Fig. 7.22. The HC is noticed
to be reduced with the increase of loads and is found lower with the blended fuels. However,
at higher loads (3.31 and 4.14

bar), the reductions of HC are Average Global Fuel-Air Equivalence Ratio
f dtob ith TB-E and 0.l31 0.|36 O.iM 0.I51 O.|57
ound to be more wit -E an 220 X S T5DERY o
TB-DEE blends. At 0.83 bar, the ~ _ 200 —O—TB-BT ——m-DI'M

180 M
HC in nr-DFM (WOP) is i

measured to be 211 ppm. At this
load, the reductions of HC in nr-
DFM (WP), with TB-BT, TB-E,
TB-DEE and in PDM with
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o
e}
|
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estimated as 4.74%, 22.75%, [T T T rr [ rrrrr [ rrrrrprrroeog
0.83 1.65 2.48 3.31 4.14
32.23%, 36.02%, and 73.46%, BMEP (bar)

respectively. At the higher load
of 4.14 bar, the HC in nr-DFM
(WOP) is measured as 131 ppm. With this same higher load, the reduction of HC in nr-DFM
(WP), with TB-BT, TB-E, TB-DEE and in PDM as compared to nr-DFM (WOP) are observed

Fig. 7.22 Variations of HC emission with load
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as 39.69%, 77.86%, 83.97%, 88.55% and 65.65%, respectively. The characteristics of the
emission of NOy in various states are portrayed in Fig. 7.23. In DFM, the lowest NOy is noted

in nr-DFM  (WOP) and . . )
Average Global Fuel-Air Equivalence Ratio

maximum in PDM. In order to 0.31 0.36 0.44 0.51 057
- 1250 gl S SE— SE— '
compare the emission of NOy, A TB-E
- . : - X TB-DEE
the emission in PDM s 51000 o TB.BT & WP
considered as the reference & & nr-DEM
frame. At the load of 0.83 bar, & 70 % mr-DIM (WOP)
i i 2 —3—PDM X
the NOx in PDM s found to be = 500 @
179 ppm. With this load, the ™, 2
o
reductions of NOx in nr-DFM iz 250 é K
(WOP), nr-DFM (WP)! with the 0 Q Intake charge lemperature = 55 £2°C
blends of TB-BT, TB-E, and S s
TB-DEE in comparison to PDM BMEP (bar)
are estimated as 83.80%, Fig. 7.23 Variations of NOx emission with load

82.31%, 74.30%, 70.39%, and 65.36%, respectively. At 4.14 bar (=100%) the NOx in PDM is
found as 1196 ppm. With reference to PDM, the reduction of NOx at 4.14 bar, in nr-DFM
(WOP), nr-DFM (WP), with the blends of TB-BT, TB-E, and TB-DEE are noticed as 63.04%,
34.70%, 34.45%, 25.84% and 5.43%, respectively. The higher emission of NOx with TB-DEE
in DFM may be due to the higher cumulative LHV of this blend and release of extra oxygen
during combustion that helps to prevail an atmosphere to generate more emission of NOx. In
this section, the emission data that are measured in ppm and in vol.% are converted into
gm/kWh, presented in Appendix-D.

7.6 Summary

In this chapter, three ternary blends (TB-E, TB-BT, and TB-DEE) in DFM are considered as
the pilot fuels. The study demonstrates that the use of renewable fuels with preheating can be
a viable method to improve the overall performance of the biogas run DFM engines. The results
achieved in this section are stated below:

Performance:

= The higher BFR is noticed with the TB-DEE blend, which is considerably lower than
that of nr-DFM (WOP). There is a marginal variation of BFR at part load. At 4.14 bar,
the minimum reduction of BFR with TB-DEE with respect to nr-DFM (WOP) is assessed
to be lower by 5.16%.
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In ascending order, the BSECs are noticed as BSECppm< BSECtg-pee< BSECtg-E<
BSEChrorm (wp)< BSECte-87< BSEChrorm (wor). At part loads, there is a marginal
reduction of BSECs in comparison to nr-DFM (WOP). However, at 4.14 bar, there is a
considerable reduction of BSECs with the blends of TB-E and TB-DEE as compared to
the one in nr-DFM (WOP) and they are estimated to be 5.66% and 6.27%, respectively.

Overall, the BTE is found to be higher with preheating and with the blended fuels. At
4.14 bar, the maximum increment of BTE with the blend of TB-DEE and in PDM in
comparison to the one in nr-DFM (WOP) are calculated to be 6.69% and 21.46%,
respectively. Throughout the load spectrum, higher BES is noticed with TB-DEE. The
BES/BFES from part to higher loads are found to vary approximately as 50%/50%.

In all cases, the LFRs with preheating and with the blended fuels are noticed to be higher.
At the loads of 0.83 bar/4.14 bar, the maximum increment of LFRs with TB-DEE relative
to the one in nr-DFM (WOP) is found as 7.74%/6.50%. At the loads of 0.83 bar/4.14 bar,
the maximum ADR is also estimated as 55.04%/59.84% with TB-DEE.

Combustion:

The similar trends of IDs are noticed with TB-DEE and in PDM. At all loads, the
maximum and minimum IDs are noticed in nr-DFM (WOP) and with the TB-DEE blend,
respectively. At 0.83 bar/4.14 bar, the maximum reduction of 1D with TB-DEE relative
to the one without preheating is calculated as 13.6%/48.13%.

In all cases, the higher increment and higher shifting (towards TDC) of CPPs are found
with preheating, with the blended fuels and at higher loads. At 4.14 bar, the maximum
increment of CPP (7.27%) and shifting (6 CAD aTDC) are noted with the blend of TB-
DEE as compared to the case without preheating.

Overall, the higher NHRRs are found with preheating, with the use of blended fuels and
at higher loads. At 4.14 bar, the maximum rise of NHRRs (%)/CAD (bTDC) with TB-
DEE blend as compared to the one in nr-DFM (WP) is evaluated as 8.24%/4 in in nr-
DFM (WP).

As there is flame propagation, the shorter CD is noticed in DFM than PDM. At all loads,
the maximum CD is noticed in nr-DFM (WOP). At 4.14 bar, the maximum reductions
of CD with TB-DEE blend in comparison to nr-DFM (WOP) is estimated to be 40.42%.

At all loads, the maximum CMGT is assessed with the TB-DEE blend. At the loads of
1.65 bar and 4.14 bar, the maximum increment of the peak of CMGT (%)/CAD (aTDC)
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with TB-DEE as compared to the one in nr-DFM (WOP) are calculated as 12.08/17 and
16.35/20, respectively.

= Throughout the load spectrum, higher EGT is noticed in nr-DFM (WOP) and lower with
TB-DEE. At 0.83 bar/4.14 bar, the highest reduction of EGTs with TB-DEE blend
relative to the one in nr-DFM (WOP), are evaluated as 7.79%/7.92%. The cyclic
variations are found to reduce with the increase of loads. It is found to be lower with the
TB-DEE blend.

Emission:

= From part to higher loads, the CO emissions are found to be lower with TB-DEE blend.
At 0.83 bar, there is a 10.94% reduction of CO emission with the TB-DEE blend. At 4.14
bar, the reductions of CO with TB-BT, TB-E and TB-DEE with respect to the one in
PDM are observed as 6.90%, 34.48% and 51.72%, respectively.

= In DFM with blended fuels, the HC is observed to be lower than that in PDM within the
range of higher loads of 3.31 to 4.14 bar. At the loads of 0.83 bar/4.14 bar, the maximum
reductions of HC with TB-DEE as compared to the one in nr-DFM (WOP), are evaluated
as 36.02%/88.55%.

= The NOx in DFM is found to be substantially lower than the PDM. With reference to
PDM, the maximum reduction of NOx of 63.04% at 4.14 bar is found in nr-DFM (WOP).

169
TH-2089_126103042



Chapter-8

Results of Energy and Exergy Analysis

Chapter

Highlights:

e Comparative energetic
and exergetic analysis
have been conducted.

e The higher energy
recovery is noticed in
PDM and with the blends
of TB-DEE

e There is a considerable
recovery of energy is
noticed with the use of
the heat exchanger.

¢ Higher energy in cooling
water is observed with
preheating and with
blended fuels

e The maximum
recoverable exergy is
noticed in PDM and with
the blends of TB-DEE.

Overview: It is known that the analysis of energy in a system
associated with the “first law of thermodynamics” has no
quality in terms of energy utilization. It is the “second law of
thermodynamics” that helps to identify the probability of
using of maximum available energy in the system. Nowadays,
the researchers are using the “second law” as the
optimization tool to maximize the performance of the
engineering devices that are associated with energy
interactions among system, boundaries, and surroundings.
Therefore, the exergy or second law analysis has been gaining
popularity to extract more amount of energy available in the
input energy with a lesser loss. Recently, the trends of energy
analysis associated with exergy analysis in the evolution of
engine performance become widely popular. However, the
exergy analyses with biogas DFM with the intake charge
preheating and with the use of various oxygenated fuels
blended with diesel are very limited. Hence, the investigation
reported in this chapter elaborates the exergy behaviour of the
biogas run DFM engine with intake charge preheating using
various oxygenated liquid fuels (butanol, biodiesel, ethanol

and diethyl ether) blended with diesel as the pilot fuel.
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Chapter-8 Results of Energy and Exergy Analysis

8.1 Thermodynamic Study

Concerning an efficient energy utilization and balance of energy to optimize the necessary
parameters, the thermodynamic study is essential. It is the backbone of study to know “how
the energy is lost” to the dead state and to reduce the same to improve the engine performance
in terms of power output and efficiency (Sahoo, 2011). The analysis of energy based on the
“first law of thermodynamics” has no quality due to the missing of the adequate information
like reasons of the destruction of energy, production of maximum useful energy and
corresponding maximum efficiency (Heywood, 1988). The “first law of thermodynamics”
states the balance of energy at the time of thermodynamic process involving interactions of
energy between system and surroundings (Nag 2009). Whereas the “second law” addresses the
balance of available energy or exergy (Rakopoulos et al., 2008). The exergy is extremely
important for the energy conversion devices in order have the maximum energy efficiency. It
is the “second law” that informs about the occurrence of irreversibility and the corresponding
destruction of energy and the destruction of energy into the dead state (Rakopoulos and
Kyritsis, 2006). The exergy or availability of a thermodynamic system involving an exchange
of energy is defined as the maximum useful energy that can be produced when the system is
brought to the thermodynamic equilibrium state with its surroundings (Moran and Shapiro,
1995). The production of energy from an internal combustion engine is associated with the
destruction of exergy in various parts of the engine. Therefore, the exergy analysis is vital to
achieve the maximum possible engine performance (Caton, 2000). Most of the researchers
noticed that the exergy destroyed due to internal irreversibility at the time of combustion
(Rakopoulos and Giakoumis, 1997a; Rakopoulos and Giakoumis, 1997b; Som and Datta,
2008).

The exergy analysis of biogas run DFM engines is very limited and the analysis is only limited
to the atmospheric temperature of the intake charge and at various ITs and CRs (Bora 2015).
None has carried out the exergy analysis considering (a) lower to very high global fuel-air
equivalence ratios (@giona), (b) part to higher loads, (c) preheating of intake charge and (d)
various ternary blends of oxygenated fuels as pilot fuels. The renewable oxygenated liquid
fuels include biodiesel, butanol, ethanol, and diethyl ether. Three ternary blends of diesel-
biodiesel-butanol (TB-BT), diesel-biodiesel-ethanol (TB-E), and diesel-biodiesel-diethyl ether
(TB-DEE) are prepared. The details of the compositions of each blend are articulated in the
previous chapter (Chapter 7). In the energy analysis, the parameters that embrace are rate of
energy input (Qin) in the form of the energy available in the total fuels that consumed per unit
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time, shaft power (Qs), rate of energy transferred to the cooling water (Qcw), rate of energy
transport with the exhaust gas (Qeg), loss of uncounted energy per unit time (Qun), energy
efficiency (;1) and exhaust gas temperature (EGT). Whereas, in the exergy analysis the
parameters exergy input per unit time (Ein), exergy in cooling water per unit time (Ecw), exergy
in exhaust gas per unit time (Eeg), rate of exergy destruction (Eqes), exergy efficiency (»n) and

rate of entropy generation (Sgen) are considered.
8.2 Energy and Exergy Distribution

The evaluations of energy and exergy distributions throughout the applied load on the engine
have been carried out by considering the design of experiments as discussed from Chapter 3 to
7. In the analysis, one part load (in torque unit) of 0.83 bar and one higher load of 4.14 bar are
considered. At these part and higher loads, the higher values of @gohai are considered as 0.87
and 0.89, respectively. In all other cases, the results are acquired at the optimum Dgiopal, and at
the various applied loads and with the various blends and states. The temperature ~30 °C and
the atmospheric pressures are are considered as dead state. Experiments, as stated are carried
out at the standard CR = 17.5 and IT = 23 CAD bTDC. The relations of the parameters in

energy and exergy are addressed in Appendix-C.

Table 8.1 Energy data per unit time at the load of 0.83 bar and at various states

Engine Operation Load = 0.83 bar (= 20%) (At standard CR = 17.5, IT = 23 CAD bTDC)
Qin (kW) Qs (kW) Qew (KW) Qeg (KW) Qun (kW)

nr-DFM (WOP)

2t Pyopa = 0,87 21.72 0.69 1.50 2.23 17.29
nr-DFM 7.62 0.70 1.76 1.63 3.53

£ | (wop)

E E| nr-DFM (WP) 7.69 0.70 2.11 1.29 3.59

5 & TB-BT 7.47 0.70 2.26 1.04 3.48

Z |TBE 7.46 0.71 2.33 0.96 1.98
TB-DEE 7.43 0.70 2.41 0.80 1.88

PDM 5,55 0.71 2.56 0.57 1.72

8.2.1 Energy Analysis

The input energy and the distribution of the input energy are presented in Table 8.1 and Table
8.2 for part (0.83 bar) and higher (4.14 bar) loads. The graphical representation on the variation
of input energy (Qin) at optimum and at higher @gionar, Without and with preheating and with
ternary blends (TBs) of TB-BT, TB-E, and TB-DEE are shown in Fig. 8.1. At very high ®giobal
(from part to higher loads), the maximum input energy is noticed in nr-DFM (WOP). At 0.83
bar and at 4.14 bar in nr-DFM (WOP) the input energies at the optimum @gonal, are estimated
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to be 7.62 kW and 13.58 kW, respectively. At 0.83 bar, energy input in nr-DFM (WOP) at
higher @gional 0f 0.87 as compared to the optimum @gena 0f 0.30 is found to be higher by
185.04%. While, at a maximum
load of 4.14 bar, energy input at
higher ®giovar 0of 0.89 in

comparison to the optimum

/1
W /r-DFM (WOP) at higher ®

‘global

1 nr-DFM (WOP) at optimum d)g/uhu/

I PDM
N TB-E :
I TB-BT %

Il TB-DEE s
I »-DFM (WP) 3

0

(O8]
(o)

N
(93]

in
[
(=]

Dgiobal OF 0.53 is observed to be
increased by 55.67%. At 100%
load (= 4.14 bar), similar energy

—
(9]

(=]

input in a biogas run DFM
engine is also noticed by Bora
(2015). At 100% load, he found
40.94% higher energy input
relative to nr-DFM (WOP) at

the optimum @giopar. It means

Input Fuel Energy (Q. ) (kW)

W

0.83 4.14
BMEP (bar)

Fig. 8.1 Characteristics of Qi with load

that the investigator carried out the investigation at higher @giobal to consume more biogas as
the primary fuel. The higher energy input at higher @giopal may be due to the higher biogas
consumption than that at the optimum @giepai. At all loads and at optimum @gjovar, the energy
input is noticed to be substantially lower than that at higher @giobai. In addition, the energy
inputs at optimum @gienal With preheating and with the blended fuels are noticed to be lower as
compared to the case without preheating and at optimum ®gional With diesel as the pilot fuel. At
the load of 0.83 bar, the reductions of energy input with the blends of TB-BT, TB-E, and TB-
DEE in comparison to the one in nr-DFM (WOP) are calculated as 1.97%, 2.10%, and 2.49%,
respectively. At 4.14 bar, the reduction of energy input with respect to nr-DFM (WOP) in nr-
DFM (WP), with the blends of TB-BT, TB-E, and TB-DEE are found as 1.55%, 4.42%, 5.89%,
and 6.70%, respectively. It is to be noted that all the experiments with blended fuels are
conducted with preheating and at the optimum @giobal. In this investigation on an average, the
actual diesel fuel replacements of 53%-59% are noticed through the load spectrum of 0.83 to
4.14 bar. In these loads, the BFR is varied on an average from 0.72 to 1.25 kg/h, which is
substantially lower than that constrained by Bora (2015). It is because, the investigator (Bora,
2015) regulate the BFR at the point where the signs of misfire are noticed. Overall, the
reduction of Qin at optimum Pgional (With preheating and with the oxygenated fuels) may be due
to the higher input fuel energy conversion together with a comparatively advanced CA50 and

a shorter CD. These have made a proper conversion of heat energy to shaft energy.
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The variations of shaft energy with loads are shown in Fig. 8.2. It is to be noted that the shaft
power is the function of applied load and engine speed. Hence, at a particular load and the

corresponding engine speed, the

/L
5 44

_] nr-DFM (WOP) at higher d’glabnl

F 1 »-DFM (WOP) at optimum (pgl()bu/
I PDM @ =0.89
I TB-E S
I TB-BT

Il TB-DEE
I /-DFM (WP)

variations are observed to be
minor. These negligible
variations are noticed due to the
uncertainties of in engine speed
and the applied load on the
engine. However, at higher
Dgioval, @ slight increment of
shaft power is noticed. It may be 1
due to the higher fuel

accumulation in the combustion 0

0.83 4.14
chamber that enhances the BMEP (bar)
engine speed. The diesel engine Fig. 8.2 Characteristics of Qs with load

used in the present investigation

has the rated power of 3.5 kW. In PDM, Bora (2015) estimated the shaft power that is more
than the rated power. However, the shaft powers achieved in this study are approximately
similar to that have found by Debnath (2013). Moreover, the energy input in this study is
noticed to be 9.55% lower than the energy input as compared to that by Debnath (2013) in
PDM. Hence, the enhancement of the shaft power would be due to the higher fuel consumption
that enhances the engine speed, and thus, a higher shaft energy is achieved by Bora (2015).

Table 8.2 Energy data per unit time at the load of 4.14 bar and at various states

Engine Operation Load = 4.14 bar (=100%) (At CR =17.5, IT =23 CAD bTDC)
Qin (kW) Qs (kW) Qow (KW) Qe (KW)  Qun (kW) 111 (%)

nr-DFM (WOP)

at Dyones = 0.89 21.14 3.44 2.86 6.06 8.77 16.30
nr-DFM 13.58 3.42 3.15 4.82 2.19 25.22
= (WOP)
§ ;EI nr-DFM (WP) 13.37 3.42 3.32 4.19 243 25.60
g g TB-BT 12.98 3.42 3.58 3.80 217 26.35
< TB-E 12.78 3.42 3.66 3.72 1.98 26.73
TB-DEE 12.67 3.42 3.87 3.51 1.88 26.90
PDM 11.18 3.43 4.05 2.80 0.90 30.63
PDM (Debnath 2013) 12.36 3.43 4.08 2.24 2.61 28.90
PDM (Bora 2015) 12.64 3.51 5.02 3.04 1.05 27.76
DFM (Bora 2015) 19.14 3.49 5.67 7.98 1.99 18.25
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The variations of energy loss to the cooling water per unit time (Qcw) are portrayed in Fig. 8.3
with various blended fuels and states. The Qcw is noticed to increase with the increase of loads.

It may be due to the

. /L
enhancement of cylinder peak S ey (WOP) athigher @157
pressures (CPPS) and the F 1 »-DFM (WOP) at optimum d’global
4 -/l PDM :

Il TB-E
I TB-BT
Il TB-DEE
I »-DFM (WP)

corresponding peaks of the
CMGT with the increase of

. (pgm/.u/ =0.89

z
loads as presented in Table 83 £
and 8.4. Nevertheless, the higher ST
transfer of heat energy to the

cooling water means the higher

loss of energy. Therefore, the
loss of energy should be as 0.83 4.14

minimum as possible. In PDM, BRI R

the loss of heat to the cooling Fig. 8.3 Characteristics of Qcw with load

water at 100% load (= 4.14 bar) is found to be approximately equal to one estimated by Debnath
(2013). However, at this same load, the transferred of heat to the cooling water is found to be
19.32% lower relative to the heat loss that is reported by Bora (2015). Another noticeable issue
is that in this study, the heat loss in cooling water is found to be lower in DFM than PDM.
Earlier Bora (2015) noticed a higher loss of heat to the cooling water in DFM than PDM. In
the present study, on an average drop in the loss of heat energy by 37.99% is recorded in
comparison to the loss of heat as reported by Bora (2015). Moreover, the Qcw is observed to
have been reduced with the increase of @giona and is found marginally higher with preheating
and with the oxygenated blended fuels. The enhancement of @goha1 means the corresponding
increment of biogas consumption that reduces the CMGT. On the other hand, preheating and
the use of oxygenated blended fuels enhance the CMGT. Hence, Qcw is the in-cylinder
temperature (CMGT) dependent parameter. Higher the in-cylinder temperature, higher will be
the Qcw. At the load of 0.83 bar, the Qcw in nr-DFM (WOP) are found as 1.76 kW. At this load,
with reference to the nr-DFM (WOP), the Qcw in nr-DFM (WP), with the blends of TB-BT,
TB-E, and TB-DEE and in PDM are found to increase by 19.89%, 28.41%, 32.39%, 36.93, and
45.45%, respectively. However, at this part load, without preheating and at the higher @giopal
of 0.87, the marginal reduction of Qcw with respect to nr-DFM (WOP) at the optimum @giobal

(~ 0.31) is noted. At 100% load (= 4.14 bar), the Qcw, in nr-DFM (WOP) is noticed as 3.15
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kW. At this load, relative to nr-DFM (WOP), the increments of Qcw in nr-DFM (WP), with the
blends of TB-BT, TB-E, and TB-DEE and in PDM are computed as 5.40%, 13.65%, 16.19%,
22.86%, and 28.57%, respectively. The adequate reduction of Qcw of 9.21% with the higher
Dglobal = 0.89 with respect to nr-DFM (WOP) at optimum @gional (~0.57) is acquired.

The variations of heat energy loss with exhaust gas (Qeg) wWith loads and at various conditions
are shown in Fig. 8.4. The heat loss with exhaust gas (Qeg) is found to be lower at lower loads

and higher at higher loads. It - /L

_ nr-DFM (WOP) at higher d)gllulbul

6 l l nr-DFM (WOP) at optimum d’globu/

may be due to the improvement

(I)gznhu/ =0.89

of combustion with the
consequence of higher CMGT.
However, at all loads, with N /-DFM (WP)
preheating and with blended
fuels, Qeg is noticed to be lower
as compared to the case without

preheating. On the other hand,

the lowest Qeg in all cases is
0.83 4.14

observed in PDM. The physical BMEP (bar)

reason for this behavior of Qg Fig. 8.4 Characteristics of Qg with load

might be due to the nearest position of CA50, CPPs towards TDC, shorter CD and efficient
utilization of the expansion energy (Table 8.3). Therefore, the lower Qeg is noticed in DFM
with TB-DEE and very high Qeg is found with higher @gioba and without preheating. The loss

of heat energy into the dead state with the exhaust gas is undesirable.

At 100% load (= 4.14 bar), Bora (2015) found substantially higher Qeg 0f 39.60% as compared
to that in nr-DFM (WOP) at the optimum @Dgiobar (~0.57). At 0.83 bar, the Qeg in Nr-DFM
(WOP) at optimum @giobal (~0.30) is noticed as 1.63 kW. At this load and relative to this nr-
DFM (WOP), the reduction of Qeg in nr-DFM (WP), with the blends of TB-BT, TB-E, and TB-
DEE and in PDM are computed as 20.86%, 36.20%, 41.10%, 50.92%, and 65.03%,
respectively. While, at this part load, the significant increment of Qeq at higher @giobal (~0.87)
with respect to nr-DFM (WOP) at optimum @giova (~0.31) is calculated as 36.81%. At the
higher load of 4.14 bar and at optimum @giobal (~0.57), the Qeg in Nr-DFM (WOP) is noted as
4.82 kW. At this load, with respect to nr-DFM (WOP), the reduction of the Qeg in nr-DFM
(WP), with the blends of TB-BT, TB-E, and TB-DEE and in PDM are reckoned as 13.07%,
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21.16%, 22.82%, 27.18%, and 41.91%, respectively. While without preheating an increment
of 25.73% of Qeg is estimated with higher @giobal (~0.89) in DFM in comparison to nr-DFM
(WOP).

The variations of loss of uncounted energy per unit time (Qun) with loads at various conditions
are shown in Fig. 8.5. The Qun is noticed to be lower with the increase of loads. It may be due

to the higher energy utilization

. . 2 DFM (WOP) at hi a{’l
at higher loads. A very high Qun o B ir-DFM (WOF) athigher @i
. . . I I nr-DFM (WOP) at optimum ‘pg.'abrrf
at higher ®giobal is noticed at all 184 p roM
B TB-E %
loads. It may be due to the 163 B TB.BT i

14 4 WM TB-DEE
12 3 W r-DFM (WP)

Q?umhm

accumulation of very high

q)g!nhnf =0.89

amount total fuels inside the
combustion chamber,
retardation of CAS50 and
increment of CD. It is to be

noted that the higher @giopal

: 0.83 4.14
means a higher amount of BMEP (bar)

methane as well as COz in Fig. 8.5 Characteristics of Qu with load

biogas. The Qun in PDM and

most of the cases in DFM at higher @gional are found to be approximately equal to one achieved
by Bora (2015). The Qun is found to be higher in the case of without preheating, while, it
reduces with preheating and with the use of blended fuels at the preheated environment of the
inducted charge. At the load of 0.83 bar, the Qun in nr-DFM (WOP) is found as 3.53 kW. In
nr-DFM (WP), slightly higher Qun than nr-DFM (WOP) is noticed. However, at this load, with
the blends of TB-BT, TB-E, and TB-DEE and in PDM, the Qun are found as 3.48 kW, 1.98
kW, 1.88 kW, and 1.72 kW, respectively. At the load of 4.14 bar, the Qun in nr-DFM (WOP)
is calculated as 2.19 kW. At this load, it is also noticed that there is a marginal increment of
Qun in nr-DFM (WP). At 4.14 bar, the reduction of Qun in comparison to nr-DFM (WOP) with
the blends of TB-BT, TB-E, and TB-DEE and in PDM are estimated as 0.91%, 9.59%, 14.16%,
and 58.90%, respectively.

The variations of energy efficiency (;1) with loads, without and with preheating and with
various blended fuels are shown in Fig. 8.6. Higher energy efficiency is noticed in PDM at all

loads than DFM. However, the # with the blended fuels in DFM are found to be competitive
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to PDM. It may be due to the improvement of combustion because of the releasing of extra
oxygen from the blended fuels at the time of combustion. This is reflected to the advanced

CAAS0 and relatively shorter CD. 40 1/
[- nr-DFM (WOP) at higher d’gl{)hu/

i 1 n-DFM (WOP) at optimum d)g
Il PDM
Il TB-E
I TB-BT

Higher # in DFM is noticed
with TB-DEE. While, at the

(98]
(9,

lobal

(O8]
o

higher @gjonar, lower #; is noticed

S
5
< 25 MM TB-DEE &
throughout the load spectrum. It 2 2 I »r-DFM (WP) T
S
may be due to the higher ¢ 8
= 15
accumulation of biogas and the gz
. . 510
corresponding displacement of £
: N, . 5
the fresh air. The efficiency in
DFM is found to be substantially ¢ 0.83 414
higher than that obtained by BMIEE (oan
Bora (2015). At 100% load (= Fig. 8.6 Characteristics of energy efficiency with load

4.14 bar), the » in DFM at the standard CR = 17.5 and IT = 23 CAD bTDC, is found to be
43.34% higher than that obtained by Bora (2015). In this study, at this higher load, in nr-DFM
(WOP), the # is estimated as 25.22%. Therefore, the increment of 7 as compared to nr-DFM
(WOP) are computed in nr-DFM (WP), with the blends of TB-BT, TB-E, and TB-DEE and in
PDM as 1.51%, 4.48%, 5.99%, 6.66% and 21.45%, respectively. However, at this load and
with higher @giopal Of 0.89, the reduction of 7 with respect to nr-DFM (WOP) is observed as
35.37%. It this @giovar (= 0.89), the misfire along with a substantial retardation of CA50 and a
higher CD is observed.

The variations of exhaust gas temperature (EGT) with loads and at different states are depicted
in Fig. 8.7. In the experiments, a lower EGT is noticed in PDM for all loads. The EGT depends
on the fuels characteristics, positions of the CPPs and the peaks of the CMGTSs. Besides, the
diesel-like fuel in PDM and highly flammable gaseous fuels (Karim, 1980) in DFM are
favorable to achieve an efficient engine performance. The highly flammable gaseous fuel
generates higher flame speed at the time of combustion. In biogas DFM engine, CO. present
in biogas behaves like an ignition inhibitor and slow down the flame speed. In addition, biogas
also has a very high self-ignition temperature, and higher heat capacity that causes the higher
ID, retardation of CA50 relative to TDC and enhancement of CD. Hence, in biogas DFM

engine, a higher EGT is noticed. However, the combined effects of the use of liquid (pilot)
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oxygenated fuels blended with diesel, preheating the intake charge and the optimization of

Dgiobal Can enhance the flame speed of the DFM engine run on biogas. The optimum @giopar Will

modulate the correct amount 900 1/
b_ th t R d t d th h - nr-DFM (WOP) at higher a)global
10gas at Inducte roug 800 4 pu #»-DFM (WOP) at optimum Dlobal D,y =0.89

I PDM
I TB-E
I TB-BT b,
I TB-DEE

I /-DFM (WP)

intake port, while the intake 700

0.87

lobal,

charge preheating will increase 600

the  temperature  in  the gsoo

: =
combustion chamber. 8 400
Consequently, due to the release 300
of extra oxygen on combustion 200
of oxygenated pilot fuel, the 100
flame speed will increase. 0
0.83 4.14
Hence, the entire combustion BMEP (bar)
process can be expected to be Fig. 8.7 Characteristics of EGT with load

improved. Thus, at optimum @giobal, With preheating and with use of the oxygenated blended
fuel, there are the relative advancement of CA50 and CPPs (Table 8.3) towards TDC and the
shorter CD have resulted the lower EGT. In DFM, the lower EGT is noticed with TB-DEE and
higher in nr-DFM (WOP) and at higher @giobal. At the load of 0.83 bar, the EGT in nr-DFM
(WOP) is found as 462.16 K. At this load, with reference to the nr-DFM (WOP), the reduction
of EGT in nr-DFM (WP), with the blends of TB-BT, TB-E, and TB-DEE and in PDM are
evaluated as 1.30%, 3.89%,
4.54%, 7.14%, and 7.34%,

0.25

B With the preheating ol the intake charge

0.21718 0.21531 0.21414 0.21179 bt

respectively. Whereas, at 0.83 556
bar, the enhancement of EGT as
compared to nr-DFM (WOP) is
acquired as 16.88%. At 4.14 bar,
the EGT in nr-DFM (WOP) is

calculated as 599.16 K. At this

0.15

0.10

0.05

load, the reduction of EGT in nr-
DFM (WP), with the blends of

Energy in Preheated Intake Charge (kW)

0.00

0.83 1.65 2.48 3.31 4.14
TB-BT, TB-E, and TB-DEE and BMEP (bar)

in PDM with respect to nr-DFM
(WOP) are observed as 1.34%, addition to the preheated intake charge

Fig. 8.8 Characteristics of energy
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3.84%, 4.51%, 6.84, and 4.84%, respectively. At 4.14 bar, the increment of EGT with higher
Dglobal (~0.89) in comparison to nr-DFM (WOP) is computed as 16.69%.

Table 8.3 The CPPs and corresponding crank angle positions at different states

Results at CR = 17.5, IT =23 CAD bTDC

. . AL: 1.65 bar AL: 4.14 bar
Engine Operation Position (CAD) Sy
osition osition
CPP (bar) (aTDC) CPP (bar) (CAD) (aTDC)

nr-DFM (WOP) 54.49 9 65.06 11

g, _ | nr-DFM (wP) 56.88 6 67.61 10

= £ |TB-BT 55.82 7 68.21 10

2 S l18E 56.22 6 68.75 9
TB-DEE 58.01 5 69.79 6

PDM 60.08 6 72.32 8

B(?ra and Sz_iha (2014) (WOP) 38.01 i 4353 )

(biogas + diesel)

Bora and Saha (2017)

(WOP) (at optimum states: 46.23 i 58.00 )

CR=18, IT=29 CAD bTDC,
biogas + RBB)
RBB = Rice bran biodiesel

Table 8.4 The peaks of CMGT at different states and the corresponding crank angle positions

Results: at CR = 17.5, IT =23 CAD bTDC

Engine Operation AL: 1.65 b?.l'. AL: 4.14 b_a_r
Peak CMGT  Position (CAD) Peak CMGT  Position (CAD)
(K) (aTDC) (K) (aTDC)

c nr-DFM (WOP) 1362.20 20 1657.38 21

2 5 [ nr-DFM (WP) 1513.03 19 1891.60 22

E 3| TB-BT 1469.48 19 1864.75 21

S% | TBE 1483.05 18 1868.64 20

< TB-DEE 1526.72 17 1928.39 20
PDM 1498.28 15 1917.27 21

At different loads with preheating, variations of additions of heat energy per unit time to the
inducted intake charge by the use of engine exhaust gas with the cross-flow heat exchanger
(CFHE), are shown in Fig. 8.8. It can be seen in Fig. 8.8 that the addition of heat energy with
preheating reduces upon increasing of loads. It may be due to the reduction of total inducted
mass (biogas + air) that reduces the addition of enthalpy into the inducted stream of air and
biogas mixture. However, these reductions with the increasing of loads are noticed to be
marginal because of the marginal reduction of the mass consumption of the intake charge. The
additions of heat energy, or in others words, the recovered heat energy is also found to
considerable as depicted in Fig. 8.8.
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Table 8.5 Exergy data at the load of 0.83 bar and at various states

Engine Operation Load =0.83 bar (= 20%) (At CR =17.5, IT =23 CAD bTDC)
Ein (kW) Es (kW) ECW (kW) Eeg (kW) Edes (kW) T’ll (%)

nr-DFM (WOP)

at Dyosar = 0.87 21.65 0.69 0.0012 0.77 20.18 6.80
nr-DFM 0.70

% (WOP) 8.19 0.0033 0.38 7.11 13.20

g g nr-DFM (WP) 7.76 0.70 0.0061 0.36 6.70 13.70

g4 | TB-BT 7.74 0.70 0.0074 0.34 6.69 13.50

Z TB-E 7.73 0.71 0.0091 0.33 6.68 13.51
TB-DEE 7.50 0.70 0.0107 0.30 6.49 13.48

PDM 5.94 0.71 0.0144 0.27 4.96 16.61

8.2.2 Exergy Analysis

The exergy distributions per unit time, at the loads of 0.83 bar and 4.14 bar are presented in
Tables 8.5 and 8.6, respectively. The variation of exergy input per unit time (Ein) is shown in
Fig. 8.9. The maximum Ein in all loads are noticed at higher @giobai as depicted in Tables 8.5
and 8.6 and in Fig. 8.9. At the
loads of 0.83 bar and 4.14 bar,
the exergy input at the higher 25
Dgioval Of 0.87 and 0.89 are

noticed as 21.65 kW and 21.10

z
kW, respectively. However, the £ 15
&

30 /L

, - 7/
W nr-DFM (WOP) at higher d)g[obu/
l l nr-DFM (WOP) at optimum mglabu/

I PDM

I TB-E

B 1B-BT

Il TB-DEE
I /-DFM (WP)

substantial lower Ej, is noticed

at the optimized ®giovar that

controls the proportion of total 5

fuel and air consumptions which 0

improves the engine combustion 0.83 4.14
BMEP (bar)

in DFM. Moreover, it is also d o ]
Fig. 8.9 Characteristics of Ei, with load

noticed that at optimum @giobal

(at each of the applied loads), the Ein reduces with preheating and with the use of oxygenated
injected pilot fuels. The lower Ei, and corresponding higher exergy efficiency mean the higher
utilization of input energy. Consequently, lower Ei, at all loads is achieved with TB-DEE. At
the load of 0.83 bar and 4.14 bar, the Ein in nr-DFM (WOP) are estimated at 8.19 kW and 14.03
kW, respectively. At 0.83 bar, the reduction of Ein, with respect to in nr-DFM (WOP) are found

as 5.25%, 5.49%, 5.62%, 8.42%, 27.47% in nr-DFM (WP), with the blends of TB-BT, TB-E,
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and TB-DEE, and in PDM, respectively. While there is a drastic increment of Ei, of 164.35%
with higher @giopal 0 0.87 as compared to that in nr-DFM (WOP). Similarly, at 4.14 bar, the
reductions of Ein in nr-DFM (WP), with the blends of TB-BT, TB-E and TB-DEE, and in PDM
relative to nr-DFM (WOP) are calculated as 1.92%, 2.57%, 4.92%, 6.41%, 14.61%,
respectively. Whereas, at this load, the increment of 50.39% of Ein with higher @gjobal 0f 0.89
in comparison to nr-DFM (WOP) at optimum @gjonar is evaluated. In this study, at 100% load
(= 4.14 bar), the substantial reduction of Ei, in DFM relative to one obtained by Bora (2015)
are assessed as 27.34%, 28.74%, 29.21%, 30.92%, and 32.00% at optimum @gjobar in Nr-DFM
(WOP), nr-DFM (WP), with the blends of TB-BT, TB-E and TB-DEE, respectively. These
attribute to the higher exergy utilization and substantial improvement in engine performance

as compared to the past study (Bora, 2015).

The exergy recovery per unit time from the exhaust gas (using the CFHE) and that transferred
to the intake charge with loads

are portrayed in Fig. 8.10. The 0.20
0.18
0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02

0.00

e With the preheating of the intake charge

exergy input due to preheating is
noticed to be lower than the rate

of heat addition to the intake

014393 14163

0.13748 0 13419

charge (biogas + air). It may be
due to the suction in the intake
pipeline in which the negative

pressure gradient is the driving

Exergy in Preheated Intake Charge (kW)

force to draw the biogas-air

0.83 165 248 331 414
BMEP (bar)

stream into the engine. As a

result, the heat energy is
Fig. 8.10 Characteristics of exergy in

absorbed in the suction pipeline preheated intake charge (kW) with load

with the consequence of lower
exergy input per unit time due to the preheating. The lower exergy addition per unit time is
noticed at higher loads due to the reduction of total mass input (intake charge) in the suction

line owing to the enhancement of in-cylinder temperature.

The exergy in cooling water per unit time (Ecw) is shown in Fig. 8.11. The higher Ecw is the

effects of higher in-cylinder temperature (CMGT) that developed due to the improvement in
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combustion. Therefore, higher Ecw is noticed in PDM and with the blended fuels as compared

to the case without preheating and at higher @giopal.

Table 8.6 Exergy data at the load of 4.14 bar and at various states

Load = 4.14 bar (= 100%) (At CR = 17.5, IT = 23 CAD bTDC)
Engine Operation Ein Es Ecw Eeg Edes (%) Sgen
kW) (kW) (kW) kW) (kw) 7" (KW/K)

21.10 3.44 0.020 2.51 1512 28.32 0.093

nr-DFM (WOP)
at (pglobal = 089

nr-DFM 3.42
= (WOP) 14.03 0.029 1.47 9.11 35.10 0.030
E £ | nr-DFM (WP) 13.76 3.42 0.042 1.42 8.87 35.52 0.029
§- & | TB-BT 13.67 3.42 0.057 1.36 8.83 35.41 0.029
74 TB-E 13.34 3.42 0.067 1.32 8.54 35.97 0.028

TB-DEE 13.13 341 0.088 1.23 8.40 36.03 0.027
PDM 11.98 3.43 0.085 1.17 7.31 39.03 0.024
PDM (Sahoo 2010) 18.23 3.69 0.642 2.59 11.30 38.21 -
DFM (Sahoo 2010) 18.61 3.69 0.177 3.21 1157  38.03 -
PDM (Debnath 2013) 13.64 3.43 0.03 0.73 9.45 30.74 -
PDM (Bora 2015) 13.07 3.51 0.110 1.04 8.39 35.75 -
DFM (Bora 2015) 19.31 3.49 0.180 2.25 13.36  30.83 ~0.043

In PDM, diesel is the single injected pilot as well as primary fuel having very high cetane
number, LHV, and lower viscosity in comparison to other fuels used in the present study. On
the other hand, the advancement of CA50 and reduction of CD with the oxygenated fuels at

the preheated atmoshophere 0.10 1/
- nr-DFM (WOP) at higher (pglobul

l l nr-DFM (WOP) at optimum (pglahu/

augmented the heat release rate 0.09

thereby increasing the in- 0.08 I PDM
I TB-E
cylinder pressure and 0 B TB-BT
. ~0.06 I TB-DEE
temperature, with the result of a E ' B --DFM (WP)
< 0.05

higher Ecw. The Ecw is found to
_ _ _ R0.04
increase with the increase of e
loads due to higher 0.02
accumulation of fuels to 0.01
overcome the higher imposed 0.00
. 0.83 4.14
loads and the corresponding BMEP (bar)
improvement in engine Fig. 8.11 Characteristics of Ecy with load

combustion process in all modes
of engine operation. The lower Ecw without preheating in DFM is due to the cooling effects of

biogas that has very high self-ignition temperature as it contains CO> as the major component.
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At the loads of 0.83 bar/4.14 bar, the Ecw, at optimum @Dgionar in Nr-DFM (WOP) are estimated
at 0.0033 kW and 0.029 kW respectively. At the part load of 0.83 bar, the Ecw in nr-DFM (WP),
with the blends of TB-BT, TB-E, and TB-DEE and in PDM are found to increase by 84.85%,
124.24%, 175.76%, 224.24% and 336.36% as compared to nr-DFM (WOP). At the higher
loads of 4.14 bar, the increment of Ecw, in nr-DFM (WP), with the blends of TB-BT, TB-E,
and TB-DEE and in PDM with respect to nr-DFM (WOP) are observed as 44.83%, 96.55%,
131.03%, 203.45%, and 193.10%, respectively. Sahoo (2010) noticed the increment of exergy
of 262.72% in cooling water in PDM in comparison to DFM.

The variation in exergy in exhaust gas per unit time (Eeg) is shown in Fig. 8.12. The higher
exergy in the exhaust gas is not desirable. The Eeq fully depends on positions of CA50, CPPs,
peak positions of CMGTSs, the efficiency of thermal energy conversion into mechanical energy
and shorter CD. The positions of CA50, CPPs, and CMGTs nearer to TDC and the shorter CD

mean better thermal energy

. . 2.6 /F
conversion and utilization and 5 4 9 r-DFM (WOP) ahigher d’:,/,b/ >
. : , S
the corresponding lower Eeg. 2.2 40 nr-DEM (WOP) atoptimum @, n
. 2.0 [l PDM :i
Consequently, the lowest Eeq is "~ 3 TB-E $
1.8 TB-BT

noticed in PDM, with  _ 1.6 3 T8-DEE
51.4 B ~-DFM (WP)

Tel2

blended fuels in DFM in R,

0.8

0.6
preheating. At 0.83 bar/4.14 bar, 0.4

the Eeg in nr-DFM (WOP) are 0.2

0.0

noticed as 0.38 kW/1.47 kW, 0.83 130
BMEP (bar)

preheating and with various

comparison to the one without

respectively. At 0.83 bar, the

reductions of Ee in nr-DEM Fig. 8.12 Characteristics of E¢y with load
(WP), with the blends of TB-BT, TB-E, and TB-DEE and in PDM relative to nr-DFM (WOP)
at optimum @gjonal are estimated as 5.26%, 10.53%, 13.16%, 21.05% and 28.95%, respectively.
While, at the part load of 0.83 bar and at higher @gjoba1 = 0.87, the drastic increment of 102.63%
of Eeg With respect to the optimum @giobal is calculated. Likewise, at the load of 4.14 bar, the
reductions of Eeg as compared to nr-DFM (WOP) at optimum @gjoba in Nr-DFM (WP), with
the blends of TB-BT, TB-E and TB-DEE and in PDM are found as 3.40%, 7.48%, 10.20%,

16.33% and 20.41%, respectively. However, at this load, the increment of 70.75% of Eeg at the
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higher @giobar 0f 0.89 as compared to optimum @gjonar in Nr-DFM (WOP) is noticed. Similar
results are also achieved by Sahoo (2010) and Bora (2015).

The lower rate of destruction of exergy (Eqes) is always desirable to achieve the best utilization

of the input energy. The variations of Eqes are shown in Fig. 8.13. The exergy destructions at

all loads are found to be lower in 55 /7
5 pram— ] 7/
PDM. Whereas, in DFM with {1 r-DFM (WOP) atigher @,
. . L 1 n-DFM (WOP) at optimum (’)glubul -
preheating and with the use of 20 4 DM _— o
s 18- n_
blended oxygenated fuels, the 1mmm TB-BT @f

Il TB-DEE

Edes are noticed to be lower than & 157 B +-DFM (WP)

=<
that one without preheating. At~ g ]
K10 -
loads of 0.83/4.14 bar, the Eges in =~ -
nr-DFM (WOP) are estimated as S ]
7.11 kW/9.11 kKW, respectively. ]
At all loads and at optimum 0_:
o 0.83 4.14
Dylobal, the variations of Eges are BMEP (bar)

found to be nearer to each other. Fig. 8.13 Characteristics of Eqes with load

However, there are the

decreasing trends of Eqes with preheating and with the use of blended oxygenated fuels in DFM.
At 0.83 bar, the reductions of Eges in nr-DFM (WP), with the blends of TB-BT, TB-E, and TB-
DEE and in PDM in comparison to nr-DFM (WOP) are noticed as 5.76%, 5.91%, 6.05%,
8.72%, and 30.24%, respectively. Whereas, at this load, approximately three times higher Eges
is observed at higher ®gional Of 0.87 as compared to that obtained at optimum ®giobal in Nr-DFM
(WOP). At 4.14 bar, the maximum reduction of Eqes with TB-DEE and in PDM as compared
to nr-DFM (WOP) are found to be 7.79% and 19.76%, respectively. The physical reasons of

exergy destruction are similar to those of entropy generation (Sgen) (Knizley et al., 2012).

The variations of exergy efficiency (1) are shown in Fig. 8.14. The higher »; means the higher
utilization of input energy or exergy. The higher # is noticed with preheating and with various
oxygenated fuels at preheated atmosphere of the intake charge. It may be due to the progress
of combustion upon preheating and with the use of oxygenated blends that release extra oxygen
and helps to accelerate the flame front to propagate through the gas mixture inside the
combustion chamber. At the loads of 0.83 bar/4.14 bar, the ) in nr-DFM (WOP), are assessed
as 13.20%/35.10%, respectively. At 0.83 bar the increments of #i in nr-DFM (WP), with the
blends of TB-BT, TB-E and TB-DEE, and in PDM with respect to nr-DFM (WOP) are

185
TH-2089_126103042



Chapter-8 Results of Energy and Exergy Analysis

evaluated as 3.79%, 2.27%, 2.35%, 2.12%, and 25.83%, respectively. While, at the higher load

of 4.14 bar, the maximum 50 /4

44
- nr-DFM (WOP) at higher wglubul
I 1 »n-DFM (WOP) at optimum th

enhancements of #n are
calculated with TB-DEE and in

AN
(9]

lobal

40 4l PDM %
PDM relative to nr-DFM 35 =$E:ET 1
(WOP) as 2.65% and 11.20%, 30 4 MM TB-DEE &

I »-DFM (WP)
respectively. In this present

Exergy Efficiency (77,) (%)
3]
W

2
research work, at 100% load (= v’
15
4.14 bar), a similar zn as -
reported by Sahoo (2010) is 5 \
\
achieved. Moreover, the #u in 0 i
. A 0.83 4.14
this investigation is found to be BMEP (bar)

higher by 15.49% relative to one
obtained by Bora (2015).

Fig. 8.14 Characteristics of exergy efficiency (ni) with load

The rate of generation of entropy (Sgen) IS shown in Fig. 8.15. The higher the entropy generation
means there will be the more loss of energy due to friction. Hence, the Sgen Should be as
minimum as possible. Comparatively lower Sgen at lower loads relative to higher loads is
noticed. It may be due to the higher interactions of the gas mixtures and various moving parts
in the combustion chamber. The maximum entropy generation is found at higher @giobal at all
loads. It may be due to the higher COV of IMEP, retarted CA50 and longer CD with increasing

Dglobal due to higher induction of 0.10 //

177/
- nr-DFM (WOP) at higher ‘pglobal
biogas. It is to be noted that 0.09 - s +-DFM (WOP) at optimum o,
0.08

PDM
I TB-E
0.07 3 pmm TB-BT

lobal

higher induction of biogas

$g/olml =0.89

necessarily would have higher

& 0.06 | NI TB-DEE
amount of COz, which in turn, = 0.05 I /r-DFM (WP)

=~ V.
enhances the irreversibility by 50,04

0.
means Of Sgen (Knizley et al., 0.03
2012). The Sgen is calculated 0.02
based on the exergy destruction. 0.01
Hence, the physical reasons of 0.00

0.83 4.14

exergy destruction and entropy BMEP (bar)
generation are similar. The Fig. 8.15 Characteristics of Sgen with load

lower Sgen With blended fuels (mainly with TB-DEE) may be due to the generation of higher
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in-cylinder temperature that helps to burn almost all the fuel elements, besides causing an
advancement of CA50 and a reduction of COV of IMEP. At the loads of 0.83 bar/4.14 bar, the
Sgen In Nr-DFM (WOP) are calculated as 0.023 (kW/K)/0.030 kW/K, respectively. At 0.83 bar,
the reductions of Sgen in Nr-DFM (WP), with the blends of TB-BT, TB-E, and TB-DEE as
compared to nr-DFM (WOP) are estimated as 5.70%, 5.83%, 5.93%, and, 8.72%, respectively.
While, at 4.14 bar, the reduction of Sgen With this same comparisons are noticed as 3.33%,
3.33%, 6.67%, and 10.00%, respectively.

8.3 Summary

The results of energy and exergy distribution over the applied load spectrum, from lower to
higher @gional, Without/with preheating and with the use of various blended liquid oxygenated

pilot fuels are summarized below:

= At 4.14 bar, the highest reduction of energy input with TB-DEE with respect to the one
in nr-DFM (WOP) with TB-DEE is found as 6.70%. The energy input is found to

increase drastically with the increase of @giopal.

= At the loads of 0.83 bar/4.14 bar, on an average 9.32%/26.17% of the input energy can
be recovered in DFM. While rests of the energies are transported to the cooling water,
exhaust gas and as uncounted losses. The maximum energy recovery of 26.99% is
noticed with the TB-DEE blend.

= The energy in cooling water is found to be higher in nr-DFM (WP) and with the blended
oxygenated fuels (TB-E, TB-BT, and TB-DEE). At 4.14 bar, the maximum increments
of Qcw With the TB-DEE blend and in PDM relative to the one in nr-DFM (WOP), are
computed as 22.86%, and 28.57%, respectively.

= In DFM, the lower energy in exhaust gas is noticed with the blended fuels due to better
utilization of the expansion energy. At 4.14 bar, concerning nr-DFM (WOP), the
maximum reductions of Qeg with the blend TB-DEE and in PDM are reckoned as
27.18%, and 41.91%, respectively. There is an adequate energy recovery with the use of

the cross-flow heat exchanger.

= At 4.14 bar, the maximum recoverable exergy with respect to the input exergy, in PDM
and with the blends of TB-DEE are found as 39.03% and 36.03%, respectively.
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Conclusions and Future Scopes

Chapter

Highlights:

e Presents the
contribution of
the present
research work

e Summarize the
key findings
achieved in
various
parametric states

e Briefly discusses
on application
potential of the
present study

o Recommends the
future scopes of
the present study

Overview: Researchers all over the world have noticed difficulties to
achieve an efficient overall performance in DFM engine in comparison
to PDM. All most all the investigators have found the performance
penalty in DFM at standard setting (mainly CR and IT) of the engine
operating parameters as compared to PDM. Another noticeable point
Is that biogas has lower LHV, very high self-ignition temperature and
very high amount of CO, that worsen the combustion quality. Besides,
very few experimental studies have been carried out in DFM with the
aim of higher consumption of biogas (at misfire limit of gas mixture).
The researchers have noticed the performance penalty of the biogas
run DFM engine even at the advanced IT and at higher CR. Thus, in
the present study, the parameters optimum global fuel-air equivalence
ratio, preheating of intake charge and use of various renewable
oxygenated fuel are observed to be crucial to make the biogas DFM
engine performance (at standard IT = 23 CAD bTDC and CR = 17.5)
competitive to PDM. The aim of this chapter is to summarize all the
key findings of the present investigation.

Chapter Layout:
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0.2  Application Perspective. ... ... 196
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9.1 Contribution of the Present Research Work

It is an extremely challenging task to achieve a competitive engine performance by DFM as
compared to PDM at the standard CR and IT. In this benchmark research work, the

methodology adapted to the biogas run DFM engine comprises the following:

o the optimization of @giobar at each of the applied load on the engine

o the preheating of the intake charge (biogas-air mixture)

o the implementation of binary and ternary blends of oxygenated renewable fuels, and

o the thermodynamic potential study to understand the physical relations among different

parameters involves in the estimation of engine performance, combustion and emissions.
9.1.1 Results of Biogas Run DFM Engine Using Diesel and the Optimization of ®giobal

The investigations have been carried out with numerous ®gional to Optimize the working range
of dgiobal from part to higher loads and with intake charge preheating. The key findings obtained

in this part of the study are summarized below:
Role of @genai 0N Engine Performance

= The results obtained in nr-DFM (WOP/WP) mode reveal the decisive influence of @gjobal
on engine performance and pollutant emission. The ranges of optimum @gonai/load (bar.)
are found as 0.29-0.31/0.83, 0.35-0.36/1.65, 0.40-0.43/2.48, 0.47-0.5/3.31, and 0.53-
0.60/4.14.

= At 0.83 bar, there is an increment of BTE by 5.72% with preheating. At the higher load
of 4.14 bar., a reduction of BTE by 55.21% is noticed (without preheating) on increasing
the @giobar from 0.53 to 0.89; while with preheating (at @giovar = 0.58), there is an

increment of BTE by 2.60% in comparison to the one without preheating.

= The BFR (kg/h)/®giobal are varied within the range of 0.67/0.30 to 3.99/0.89. Within this
range of BFR (kg/h)/@giovai, the DR (%)/BES (%) are found in the range of
30.69%/46.69% to 92.49%/97.55%, respectively.

= The analysis reveals that a lower @gional at part load and higher @giovar at higher load is
suitable for improving the biogas DFM engine performance. With preheating, the
optimum @giehai/load (bar.) are observed as 0.31/0.83, 0.35/1.65, 0.42/2.48, 0.48/3.31,
and 0.58/4.14.
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Role of @gionai 0N Engine Combustion

= In the tested range of loads, the IDs are found to increase drastically with the increase of
Dgiobal. At 4.14 bar, the increment of 1D with the increase of @giepai from 0.53 to 0.89 is
is found to be 37.14%. However, with preheating, the ID is found to decrease.

= Adrastic reduction of NHRR is noticed at higher @gjonar. At 0.83 bar, the peaks of NHRR
(JJCAD)/®giobal are observed to be 47.72/0.30, 11.12/0.87. At 4.14 bar, the maximum
(with preheating) and minimum peaks of NHRRs (J/CAD)/@gobai are noticed as
88.17/0.58, and 21.71/0.89, respectively.

= The CPPs are observed to be reduced drastically with the increase of @gional. Upon
increase of @giobal, the crank angle positions of the CPPs are shifted toward right sides of
the TDC. However, with preheating, it shifts towards TDC.

= The cycle-by-cycle variations of CPP are found to be higher at the higher ®giobal.

However, it reduces with the increase of loads and preheating.

= The CD is found to increase with the increase of @gobal. There is a drastic reduction of
CMGT at higher @giobal. At 4.14 bar, the reduction of CMGT is estimated as 20.99% on
increase of @gional from 0.53 to 0.89 relative to the dgionar Of 0.53.

Role of @giona 0N Engine Emission

= At 0.83 bar (with preheating and at @giobai = 0.31), the reduction of CO by 29.41% is
noticed in comparison to the one without preheating. While, at 4.14 bar, there is a
reduction of CO (with preheating and @giova = 0.58) by 65.49% as compared to the one
without preheating. The emission of CO> is observed to increase with an increase of

Dgiobal aNd With intake charge preheating.

= The HC is found to very high at higher @giova. However, at optimum @gioba;, With
preheating, the HC is found to reduce. At higher load (4.14 bar) and with preheating, a
reduction of HC by 53.33% is recorded. A drastic reduction of NOy is observed with the
increment of @giobal. While, with preheating, the NOy is found to increase.

9.1.2 Results of Biogas Run DFM Engine Using Binary Blend (Diesel and Ethanol)

In this subsection, results of nr-DFM (WOP/WP), with E-5 blend at the optimized ®giobal are
summarized. The results of PDM, in some cases, are also presented in order to have a direct

comparison.
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Performance Analysis

= At the loads of 1.65/4.14 bar, the BFRs with E-5 blend are noticed to be 0.66 kg/h/1.18
kg/h. At 4.14 bar, the BES in all states (except for the case of without preheating) are
found to lesser than 50%.

= The BSEC in nr-DFM (WP) and with E-5 blend are found nearer to each other, while it
is noticed to be lower than that in nr-DFM (WOP). At 4.14 bar, in nr-DFM (WP) and
with E-5 blend, the BTESs are observed as 1.75% and 2.98% higher in comparison to nr-
DFM (WOP).

= A higher reduction of VE is noticed in DFM. With preheating, this drop is found to be
more. At 4.14 bar, in nr-DFM (WP) and with E-5 blend, the VEs are found to reduce by
6.19% and 5.98%, respectively.

Combustion Analysis

= The ID in PDM reduces with increasing of loads, while the reverse trends is noticed in
DFM. The IDs with nr-DFM (WP) and E-5 blend are noticed to be closer to each other.
However, on an average, it is found to lesser by 7.46% than that in nr-DFM (WOP).

= At 1.65 bar, there is an increment of NHRR of 0.74% and 12% attained with the E-5
blend and in nr-DFM (WP), respectively, in comparison to nr-DFM (WOP). At higher
loads, more shifting of peaks of NHRR towards left from the TDC is noticed.

= In general, there is an increment of CPP with the preheating and shifting of the crank
angle position of CPP towards TDC. At 4.14 bar, the CPP (bar)/CAD in nr-DFM (WOP),
nr-DFM (WP) and with E-5 blend are found as 65.1/371, 68.1/370 and 66.2/369,
respectively.

Emission Analysis

= There is a significant reduction of CO emission with preheating and with E-5 blend. At
4.14 bar, the reduction of 17.2% of CO emission with E-5 blend relative to PDM, is
assessed.

= The lower emission of HC at the higher load is achieved with the E-5 blend. However,
at part loads, the emissions of HC are found to be higher in comparison to PDM. At 4.14
bar, the reduction of 31.11% of HC with E-5 in contrast to PDM blend is evaluated.

= The NOy emission is found to increase with increase of loads, preheating and with E-5
blend. Substantial reduction in NOx emission in DFM relative to PDM is attained. At
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4.14 bar, the reduction of NOx in nr-DFM (WOP), nr-DFM (WP) and with E-5 blend in
comparison to PDM are found to be 62.87%, 34.70% and 28.51%, respectively.

9.1.3 Results of Biogas Run DFM Engine Using Ternary Blends (Diesel, Biodiesel, and
Ethanol)

In this subsection, the results of DFM (at the optimum @giona and with preheating) with ternary
blends of diesel-biodiesel-ethanol (viz. TB-E1, TB-E2, TB-E3, TB-E4 and TB-E5) are
summarized below:

Performance:

= The BFRs are observed to be confined within the ranges of 0.722-0.731 to 1.173-1.180
from the part (0.83 bar) to higher (4.14 bar) loads. Due to lower cumulative LHV than
the pure diesel fuel, the higher BFRs are observed with the TB-Es fuel.

= The lower BSEC is observed with the TB-E3 blend in comparison to other blends. At
4.14 bar (=100% load), with TB-E3, the BTE is evaluated as 26.73% which is 1.29% and
5.04% higher than that in nr-DFM (WP) and with TB-E1 blends, respectively. A lower
VE is found in DFM. The higher reduction of VE is observed with preheating. At the
loads of 1.65 bar/4.14 bar, the higher LFRs are observed with TB-E3 blend and they are
estimated as 31.16%/39.64%.

= The maximum ADR is also noticed with TB-E3 blend. At the loads of 1.65/4.14 bar, the
ADRs are found as 51.81%/57.75%. At 4.14 bar, the maximum BES is noticed to be
48.68% with TB-E3 blend and the corresponding BFES is found as 51.32%.

Combustion:

= The ID in PDM is found lower and reduces with the increase of loads, whereas in DFM
the reverse trends are noticed. In DFM, the ID reduces with the intake chare preheating.
The lower IDs in DFM are achieved in nr-DFM (WP) and with TB-E3 blend. At 4.14
bar, in nr-DFM (WP), and with TB-E3 blend, the IDs are found to be lower for each of
the cases by 15.63% than that in nr-DFM (WP).

= |n DFM, there is a shifting of CPP (CAD) as compared to the case of without preheating.
The higher gain of energy with preheating is noticed with TB-E3 blend and in nr-DFM
(WP) relative to that in nr-DFM (WOP).

= The peak of the NHRR in nr-DFM (WOP) is found to be lower and gets shifted towards
the right of TDC. While, with preheating, the peak of NHRR is noticed to be closer to
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TDC (3 CAD bTDC). In DFM, at 4.14 bar, the maximum peak of NHRR of 82.5 JJCAD
is observed in DFM with TB-E3 blend.

= The CMGTSs are observed to be higher for preheating as well as with the blended fuels.
At 4.14 bar, the higher CMGT of 1868.64 K is observed with TB-E3 blend. The cyclic
variations with preheating, with the increasing of loads and with TB-E3 blend, are

noticed to be lower. The higher cyclic variations are attained in nr-DFM (WOP).
Emission:

= Qverall, there is a substantial reduction of CO emission in DFM at the preheated state of
the intake charge and with the use of oxygenated liquid fuels. At the loads of 1.65/4.14
bar, the maximum reduction of CO of 61.90/86.23% are noticed with TB-E3 blend as
compared to nr-DFM (WOP).

= Similar results for HC emission are also noticed with preheating and with the blended
fuels. At 4.14 bar, a substantial reduction of 83.97% of HC with the TB-E3 blend relative
to nr-DFM (WOP) is achieved. The lower NOy is attained in DFM, however, found
higher with preheating and with the blended fuels. At 4.14 bar, the maximum reduction
of NOx in nr-DFM (WOP) as compared to PDM is estimated to be 63.04%.

Among all the blends, TB-E3 is noticed to be optimum and with this blend, a diesel-like overall

performance is achieved.

9.1.4 Results of Biogas Run DFM Engine Using Ternary Blends (Diesel-Biodiesel-
Butanol/Diesel-Biodiesel-Diethyl Ether)

In this subsection, the results of DFM with three ternary blends (TB-E, TB-BT, and TB-DEE)
as the pilot fuels have been summarized below:

Performance:

= The higher BFR is noticed with the TB-DEE blend, which is considerably lower than
that of nr-DFM (WOP). There is a marginal variation of BFR at part load. At 4.14 bar,
the minimum reduction of BFR with TB-DEE with respect to nr-DFM (WOP) is assessed
to be lower by 5.16%.

= At part loads, there is a marginal reduction of BSECs in comparison to nr-DFM (WOP).
However, at 4.14 bar, there is a considerable reduction of BSECs with the blends of TB-
E and TB-DEE as compared to the one in nr-DFM (WOP) and they are estimated as
5.66% and 6.27%, respectively.
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Overall, the BTE is found to be higher with preheating and with the blended fuels. At
4.14 bar, the maximum increment of BTE with the blend of TB-DEE in comparison to
that in nr-DFM (WOP) is calculated to be 6.69%.

Throughout the load spectrum, higher BES is noticed with TB-DEE. The BES/BFES
from part to higher loads are found to vary approximately as 50%/50%.

In all cases, the LFRs with preheating and with the blended fuels are noticed to be higher.
At the loads of 0.83 bar/4.14 bar, the maximum increment of LFRs with TB-DEE relative
to nr-DFM (WOP) is found as 7.74%/6.50%. At the loads of 0.83 bar/4.14 bar, the
maximum ADR of 55.04%/59.84% is also found with TB-DEE.

Combustion:

The similar trends of IDs are noticed with TB-DEE and in PDM. At all loads, the
maximum and minimum IDs are noticed in nr-DFM (WOP) and with TB-DEE blend,
respectively. At 0.83 bar/4.14 bar, the maximum reduction of 1D with TB-DEE relative
to the one without preheating is calculated as 13.6%/48.13%.

In all cases, the higher increment and higher shifting (towards TDC) of CPPs are found
with preheating, with the blended fuels and at higher loads. At 4.14 bar, the maximum
increment of CPP (7.27%) and shifting (6 CAD aTDC) are noted with the blend of TB-
DEE as compared to the case without preheating.

Overall, the higher NHRRs are found with preheating, with the use of blended fuels and
at higher loads. At 4.14 bar, the maximum rise of NHRRs (%)/CAD (bTDC) with TB-
DEE blend as compared to that in nr-DFM (WP) is evaluated as 8.24%/4 in in nr-DFM
(WP).

As there is flame propagation, the shorter CD is noticed in DFM than PDM. At all loads,
the maximum CD is noticed in nr-DFM (WOP). At 4.14 bar, the maximum reductions
of CD with TB-DEE blend in comparison to that in nr-DFM (WOP) is estimated to be
40.42%.

At all loads, the maximum CMGT is assessed with the TB-DEE blend. At the loads of
1.65 bar and 4.14 bar, the maximum increment of the peak of CMGT (%)/CAD (aTDC)
with TB-DEE as compared to the one in nr-DFM (WOP) are calculated as 12.08/17 and
16.35/20, respectively.

Throughout the load spectrum, higher EGT is noticed in nr-DFM (WOP) and lower with
TB-DEE. At 0.83 bar/4.14 bar, the highest reduction of EGTs with TB-DEE blend
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relative to that in nr-DFM (WOP), are evaluated as 7.79%/7.92%. The cyclic variations
are found to reduce with the increase of loads. It is found to be lower with the TB-DEE
blend.

Emission:

= From part to higher loads, with TB-DEE blend, the CO emissions are found to be lower.
At 0.83 bar, there is a 10.94% reduction of CO emission with the TB-DEE blend. At 4.14
bar, the reductions of CO with TB-BT, TB-E and TB-DEE with respect to the one in
PDM are observed as 6.90%, 34.48% and 51.72%, respectively.

= |In DFM with blended fuels, the HC is observed to be lower than that in PDM within the
range of higher loads of 3.31 to 4.14 bar. At the loads of 0.83 bar/4.14 bar, the maximum
reductions of HC with TB-DEE as compared to that in nr-DFM (WOP) are found as
36.02%/88.55%.

= The NOy in DFM is found to be substantially lower than in PDM. With reference to
PDM, the maximum reduction of NOx of 63.04% at 4.14 bar is found in nr-DFM (WOP).

9.1.5 Results of Energy and Exergy Analysis

The results of energy and exergy distribution over the applied load spectrum, without/with
preheating and with the use of various blended liquid oxygenated pilot fuels are summarized

below:

= At 4.14 bar, the highest reduction of energy input with TB-DEEwith respect to that in
nr-DFM (WOP) is found as 6.70%. The energy input is found to increase drastically with

the increase of @giobval.

= At the loads of 0.83 bar/4.14 bar, on an average 9.32%/26.17% of the input energy can
be recovered in DFM. While rests of the energies are transported to the cooling water,
exhaust gas and as uncounted losses. The maximum energy recovery of 26.99% is

noticed with the TB-DEE blend.

= |n DFM, the lower energy in exhaust gas is noticed with the blended fuels due to better
utilization of the expansion energy. At 4.14 bar, concerning nr-DFM (WOP), the

maximum reductions of Qeg with the blend TB-DEE and in PDM are reckoned as
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27.18%, and 41.91%, respectively. There is an adequate energy recovery with the use of

the cross-flow heat exchanger.

= The energy in cooling water is found to be higher in nr-DFM (WP) and with the blended
oxygenated fuels (TB-E, TB-BT, and TB-DEE). At 4.14 bar, the maximum increments
of Qcw with the TB-DEE blend and in PDM relative to the one in nr-DFM (WOP), are
computed as 22.86%, and 28.57%, respectively.

= At 4.14 bar, the maximum recoverable exergy with respect to the input exergy, in PDM
and with the blends of TB-DEE are found as 39.03% and 36.03%, respectively.

9.2 Application Potential

The nobility of a new technology is to keep enduring of the existing technologies upon which
the development and progress of the society are significantly dependent. The billions and
billions existing diesel engines have been working in transport as well as in stationary power
productions sectors to serve the nations throughout the world. However, the fossil diesel has
been depleting with acceleration and emitting carcinogen pollutant into green environment.
Besides, most of the engines working commercially have the standard CR and IT. Thus, there
is a huge possibility to implement the present methodology in existing diesel engines to reduce
the emissions as well as to achieve a performance competitive to PDM.

Some of the key data (at standard CR and IT) obtained from the biogas run DFM engine are
shown in Table 9.1. Form the entire investigation, the emission levels of the DFM engine, in
general, are found to be lower at higher loads as compared to the values at lower loads. In any
case, these are observed to be within the limits of the specified norms (Table 1.3) as discussed
earlier. For clarity, these emission data in gm/kW-h are presented in Appendix-D. Thus, it is
evident from the tabulated data (Table 9.1) that the biogas run DFM engine can efficiently be
used to generate the power in rural areas particularly in the developing countries like India.

Table 9.1 Key data of the present research work

_ Emissions
El\;]g:jnee Pilot Fuels ?OT/S BFR /?5:)Q s (%er) CIEAK?T co HC  NOx
(vol.%)  (ppm)  (ppm)
PDM Pure Diesel 30.6 - - 91.6 72.3 1917.2 0.029 45 1196
TB-BT 26.3 1.15 55.49 81.0 68.2 1864.7 0.027 29 784
DFM TB-E 26.7 1.17 57.75 82.4 68.7 1868.6 0.019 21 887
TB-DEE 26.9 121 59.84 85.6 69.7 1928.3 0.014 15 1131

At applied load = 4.14 bar, engine standadrd CR = 17.5and IT =23 CAD bTDC
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9.3 Future Scopes

In this research work, an attempt has been made to improve the biogas run DFM engine overall
performance at the standard CR and IT and competive to PDM. This is to convert the existing
diesel engines (existing technology) into DFM without altering the engine operating
parameters. Besides, it is will be easier to fall back to the PDM when there is a shortage of
gaseous fuels. Hence, the present study definitely will have the great impact on the society of
engine research. Though the attempt has been made to cover all the aspects to improve the
performance of the biogas run DFM engine (at the standard CR and IT) in the present study,
however, there is enough scope to carry out further investigations to make the biogas biogas
DFM engine more efficient. In this context, some scopes and suggestions for future studies are
underlined here.

o Upgraded biogas as the inducted gaseous fuel can be efficiently implemented in DFM.
Simultaneously, various liquid oxygenated fuels as the pilot fuel can be used to improve
the engine performance.

o The blends of upgraded biogas and hydrogen as the inducted (primary or secondary) fuel
and various oxygenated fuels blended with diesel (as the pilot) can be used
simultaneously in DFM engine.

o Owing to the introduction of biogas in engine cylinder, the speed increases due to
enhancement of cumulative LHV of the total fuel used. The existing governor is
incompetent to control the engine rpm. Hence, there is a scope to design a suitable
governor for the DFM engine for smooth operation.

o The raw biogas blended with CH4/LPG can be used to do the further investigation using
the same experimental methodology.

o Raw biogas is the less reactive gaseous fuel. Therefore, the engine can be run in reactivity
controlled compression ignition (RCCI) mode to achieve ultra-low emissions as well as
higher engine efficiency.

o There is scope to study on the effects of injection pressure for further improvement of
the of the biogas DFM engine performance, combustion and emission characteritics.

o There is also a scope to run the engine on long-term basis to inspect the various parts
such as nozzle tip, engine valves, piston, cylinder walls etc.

o A computer code can be developed to validate the present study, using single or multi
zone models. Consequently, numerous study can be done using various parameters.
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Appendix-A

Equations for Performance and Combustion

I. Performance Analysis:
(i) Stoichiometric Chemical Reaction:

In the evaluation of equivalence ratio and the lower heating values [LHV=HHV-{heat of
vaporization of waterx (mass of water formed/mass of fuel used)}] of the fuels used, the
following equations (A1-A5) are used. Biogas is considered to be composed of methane and

carbon dioxide (x X CH, + y X CO,).

Diesel: C;,H,q
Ci2Hye + 18.5 X (0, + 3.76 X N,)

=12X%XC0,+ 13 X H,0 +3.76 X 185 X N, (A1)
Ethanol: C,H;OH
C,HsOH +3 % (0, +3.76 X N,) =2 X CO, + 3 X H,0 + 3 X 3.76 X N, (A2)
Butanol: C,HyOH
C,HyOH + 6 X (0, +3.76 X No) =4 X CO, + 5 X H,0 + 6 X 3.76 X N, (A3)

Diethyl ether: C,H;0C,Hs
C,Hs0C,Hs + 6 X (0, +3.76 X N;) =4 X C0, +5 %X H,0 + 6 X 3.76 X N, (A4)
Biogas: x X CH, +y X CO,

x X CH, +y X COy + 2x X (05 + 3.76 X Ny)

=(x+y)XC0O,+ 2x X H,0 + 2x X 3.76 X N, (AS)

where, C12Hos is the chemical structure of diesel (Sahoo et al., 2011b), x and y are the mole
fraction of methane (CHa) and carbon dioxide (COy) in biogas are used to calculate the biogas
stoichiometric air-fuel ratio. Equation (Al) through (A5) is used to evaluate the global fuel-air

equivalence ratio (Dgiobar).
(i1) Global Fuel-air Equivalence Ratio (@)

The global fuel-air equivalence ratio (@gioba) Can be expressed as:
Mpg X AFRpq + myg X AFRy,

Mg

‘pglobal = (A6)
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Appendix-A

where,m, and AFR represent the mass flow rate (kg/s) of fuels and theoretical air-fuel ratio
respectively; whereas the subscripts a, pd and bg denote the air, pilot diesel and biogas,

respectively.
(iii) Diesel Replacement (DR)

The DR is defined as:

md - mpd

DR = (A7)

mg
where, the subscripts d and pd stand for diesel are used in PDM and DFM, respectively.
(iv) Biogas Energy Share (BES)

The BES is estimated as:
Tilbg X LHng

BES =
mbg X LHng + Ti'lpd X LHVpd

(%) (A8)
where, LHV is the lower heating value.

(v) Brake Power (BP)

BP_ZanNxer
- 60,000 y

where, N, F (kg-m/s?) and r (m) are the engine rpm, load and dynamometer arm radius,

(A9)

respectively.

(vi) Brake Thermal Efficiency (BTE)

= 5P Al0
Nppm = Ty x LHV, ( )
= i x 100% = L x 100% All
ToFM = S s X LHVg + g X LHV,, © 7 NG X LHV) £y o (ALD)
where, Y.(mm X LHV) £, (KJ/s) is true for all fuels used in the present analysis.
(vii) Brake Specific Energy Consumption (BSEC)

BP kW

(viii) Volumetric Efficiency (VE)

The relation of volumetric efficiency is shown as below:
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Mass flow rate of air inhaled (ri1,):

T 2gh X
thy = Cq x 7 X d X Z90 7 Pwater o, . x 3600, kg/h (A13)

air
where, Cq, d, 9, N, pyater» and pgi are coefficient of discharge, diameter of orifice (m),

manometer height (m), density (kg/m®) of water and air, respectively.

Mass flow rate of air equivalent to mass in swept volume per cycle (rg,,):

U N
msv:ZxDZXLXzX60XKXpaiT (A14)

where, D, L, N, n, and K are engine cylinder diameter (m), engine stroke length (m), number

revolutions per cycle (2 for four stroke engine) and number of cylinders.

Mg

VE =

X 100% (A14)

Mgy
1. Combustion Analysis:
(i) Ignition Delay:
ID = 057 — B0 (A15)

where, 85o; and Bs, are the crank angle positions of static injection timing (CAD) and crank

angle position at which the NHRR is zero and after which it increases sharply.

Arrhenius equation of ID:

E
ID = z1 X ¢§fobaz X p?3 X exp (— A/RTCMGT) (A16)

where, z1, z2, and z3 are the constants, and E,, R, Toyer are the activation energy of the fuel
(kJ/kg), universal gas constant (J/kg K) and the cylinder mean gas temperature (K).

(i1) Pressure Smoothing:

The DAS can record the cylinder pressure history at each of the degree of crank angle at all
operating cycles. Differentiating the raw pressure data shows a noisy trend between two
successive values. Hence, after treatment of these pressure data in the form of smoothing

becomes necessary (Stone 1997) and following algorithm for (2b+1) values is used:
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1
Pr =37 [Preo-1) + 2Pn-(p-2) + ++ + bRy + -+ 3Pni(p-2) + 2Pns(o-2) (A17)

+ P o-1))

The terms in Eq. (Al7) are only evaluated when the part of the subscript in brackets is not
negative. This is illustrated by the simplest case when b = 2.

_Paa 2B+ Py

n = 2 (A18)

where, P is the instantaneous pressure (bar) data. The Eqg. (Al8) is used for smoothing the
instantaneous pressure data (bar) that develop from start and end of combustion.

(iii) Rate of Pressure Rise:

The rate of pressure rise with crank angle is calculated from the smoothened pressure data by
using first order finite difference equation with fourth order accuracy (Stone 1997).

dP_Pn_2—8XPn_1+8XPn+1—Pn+2

i (A19)
do 12 X A8

where, P is the instantaneous pressure data and “A8” is the consecutive change of crank angle.
(iv) Net Heat Release Rate:

Over a complete engine cycle, instantaneous pressure (Pn) and volume (V,) are the two
important parameters to evaluate the net heat release rate (NHRR). In the estimation of NHRR,
the specific heat ratio is chosen as 1.35 (Masood et al. 2006; Pirouzpanah et al. 2007). In the
crank angle encoder specification, the pulse per revolution is given as 360. It means that for a
complete engine cycle 720 instantaneous pressure and volume data are recorded in the DAS.
In the present analysis, 20 cycles are taken for a complete cycle to smooth the pressure and
NHRR curves. In the assessment of NHRR, simple mathematical techniques are used to
combine the ideal gas law and the first law of thermodynamics (Karim 1980, Papagiannakis
and Hountalas 2003, Rakopoulos et al. 2016a).

dQ, y dv, 1 dP,
=——XP X—+——XV, X —
a9 y—-1—" d9+y—1 " de

(A20)

where, dQn/d6, 6, V, vy, are the net heat release rate (JJCAD) concerning crank angle position,
crank angle (CAD), instantaneous cylinder volume (m?®) and specific heat ratio. dVn/dé is the

change in instantaneous volume per degree of crank angle.
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(v) Evaluation of Cylinder Mean Gas Temperature (CMGT)

The CMGT is calculated by considering air as the ideal gas and by using ideal gas equation
(Lata and Misra, 2010).

Tre f

T =P XV X—
( MGT)n n n Pref % Vref

(A21)
where,(Temer)ns Pu Vi Trefs Pres, Vres are the cylinder mean gas temperature (CGMT) (K)

after closer of inlet valve to any crank angle, instantaneous cylinder pressure (Pa),
instantaneous cylinder volume (m?), temperature (K) of intake charge at engine intake port,

cylinder pressure (Pa) and volume (m®) at intake port, respectively.

(vi) Arrhenius Equations of Reaction

Eq

TCMGT

ROR =1, X exp (— ) X [Fuel]z x [Oxidizer]'s (A22)

where, ROR is the rate of reaction, [, [,and I are the constant.
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Experimental Uncertainties

Every measuring devices and instruments will have some uncertainties due to the error of the
device itself and the errors during the system performance. In the present study, the
uncertainties are estimated by using the most acceptable known theory proposed by Kline and
McClintok (1953) and Moffat (1982). The theoretical analysis to evaluate the uncertainties of
the various experimental dependant properties is expressed as follows.

If R is the dependant variable (parameter) in any experimental investigation, which is the
function of the independent variables (parameters) such as xi, X2, Xs,........ , Xn. Consequently,

the relation can be represented as,
R =R(X1,X2,X3 wevcvv ver vee e, X)) (B1)

If AR is total uncertainty of the system and 4R1, 4R, AR5, ... ..... ARy, are the uncertainties of the
dependant variables x1, x2, Xa,........ , Xn, respectively, then the relation according to this theory

can be written as,

N =

AR = (aRAR )2+(6RAR )2+ +(aR AR )2 (B2)
- axl 1 axz 2 --------- n

Table B1 Uncertainties of the various independent parameters

SI. No. Independent variable Relative error (%)
1 Engine speed 1.40
2 Engine load 0.15
3 Liquid fuel flow rate 0.40
4 Gas flow rate 0.50
5 Water flow rate 1.00
6 LHV of liquid fuel 1.00
7 LHV of gaseous fuel 1.10
8 Temperature 0.80
9 Cylinder pressure 1.80
10 Cylinder volume 0.10
11 Specific heat of exhaust gas 0.80
12 CO, CO,, HC, NOx 4.00

The estimated uncertainties of each of the independent parameters are presented in Table B1.
While the uncertainties of the dependent or performance parameters are referred in Table B2.
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Table B3 represents the accuracy of the various devices used in the present experimental

research work.
The uncertainty estimation in the evaluation of brake power (BP):

The BP of the engine is defined as

_ 2X3142XNXW X7
N 60 x 100

(B3)

where, N, W, and r are the engine speed (rpm), applied load (kg) and dynamometer arm length (m).

Hence, the parameters N, and W are the independent variables. The uncertainties of these two

independent parameters are estimated as 1.4 and 0.15. Hence, the uncertainty of BP is

1
ABP = (0.0142% + 0.0152)2 = 0.021 ~ 2.1% (B4)
Table B2 Uncertainties of the dependant (performance) parameters

SI. No.  Parameters nr-DFM (WOP) nr-DFM (WP) TB-E TB-DEE

1 Air flow rate 1.4% 1.35 1.32 1.31

2 BSEC 1.5% 1.4% 1.4% 1.4%

3 BTE 1.8 1.5 1.45 1.45

4 NHRR 2.0 1.8 1.75 1.76

5 ID 0.5 0.3 0.35 0.40

6 CMGT 1.0 0.8 0.75 0.73

7 Pressure 1.9 1.5 1.40 1.39

9 CD 2.2 1.9 1.88 1.87

Table B3 Measuring devices specifications
Device used Brand name Device type Accuracy Resolution Range
S]Ieotgfs flow Siya instruments Mechanical 2% 0.001 m? 10,000 m3/h
Fuel fI(_)w Yokogawa Electrical DP transmitter ) 0.1 cc 0-500 mm of
transmitter Corporation WC
Air flow WIKA Instruments Pressure (-) 250 mm of
. . 2% 1mm
transmitter Ltd transmitter WC
Pressure PCB Piczotronics | 20 BPEWItN o0 g i 5000 psi
Sensors low noise cable
Load and Sensortronics Strain gauge - - 0-50 kg
RPM sensor ~ Kubler - - 1° 5500 rpm
DAS National Instruments | NI USB-6210 - - 16-bit, 250 kS/s
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Equations for Thermodynamic Potential Study

I. Energy Analysis:

In compression ignition (CI) engines, the fuel energy supplied per unit time (Qin) is transferred
in various (low and high-grade) form of energy namely, shaft power (Qs), rate of energy
transferred to the cooling water (Qcw), rate of energy transport with exhaust gas (Qeg) and
uncounted energy losses per unit time (Qun) in the form of friction, radiation, heat transferred
to the surrounding, and operating auxiliary equipment’s etc. The parametric relations for these
various form energies are annexed from the open literature (Heywood, 1988; Al-Najem and
Diab, 1992; Sahoo, 2010; Debnath, 2013; Bora, 2015). The analytical expressions for the

energy analysis in PDM and in DFM are different and expressed as below:
Energy Analysis in PDM:
o Fuel energy supplied per unit time (Qin):

Qin = Thd X LHVd, kW (Cl)

o Shaft power (Qs):

2XTXNXFXr

= 2
Os 60,000 ’ (€2)

o Rate of energy transferred to the cooling water (Qcw):
Qew = Mgy X ngw X (Tcew - Tciw)’ kW (C3)

where, m.,,, C;", Ty, and T}, are the mass flow rate (kg/s), specific heat (kJ/kg.K), exit and

inlet temperature (K) of cooling water passing through the engine jacket, respectively.
o Rate of energy transport with exhaust gas (Qeg):
Qeg = (Mg +1g) X € X (T&y — T°), KW (C4)
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where, ng, Teig and T° are specific heat (kJ/kg.K), exhaust temperature at calorimeter inlet

and ambient temperature (K), respectively. ng is calculated with the balance of heat energy

in calorimeter.

Ceg _ mcmw X ng X (Tcemw - Tcimw)
P (ma + md) X (Telg - Teeg)

(C5)

where, Memw, Tmw, and TS, are the mass flow rate of water through the calorimeter (kg/s),

inlet and outlet temperature of water passing through the calorimeter (K), respectively.

o Uncounted energy losses per unit time (Qun):

Qun = Qin = (Qs + Qew + Qeg), KW (C6)
Energy Analysis in DFM:
o Fuel energy supplied per unit time (Qin):

Qin = Z(m X LHV )y fuels (C7)

o Rate of energy transport with exhaust gas (Qeg):
Qeg = (Tha + Z(Th)all fuels) X ng X (Teig - To)’ kw (CS)
Corresponding specific heat of exhaust gas (Cpeg):

C _ mcmw X ng X (Tcemw - Tcimw
y 7 (ma + Z(m)allfuels) X (Telg - Teeg)

(C9)

1. Exergy Analysis

The exergy is the maximum useful rate of work that can be produced by a system involving
energy transformation and interaction with the surroundings. Similar to energy input, the
exergy input (Ein) is also fragmented into shaft exergy (Es), exergy in cooling water (Ecw),
exergy in exhaust gas (Eeg) and destructed exergy (Edes). In the exergy analysis, exergy
efficiency (yn) and rate of entropy generation (Sgen) are also considered as the essential
parameters. These parameters are estimated with the analytical formula that are available in the
open literature (Flynn et al., 1984; Kotas, 1985; Stepanov, 1995, Sahoo, 2010; Debnath, 2013,
Paul et al., 2017; Verma et al., 2018) and presented in this section.
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Exergy Analysis in PDM:
o Exergy input (Ein):

E,, =my x LHV, x [1.0401 + 0.17282 + 0.04322 + 0.21692 x (1 — 2.06282)],
C C C C

" (C10)

where, H, C, O, and S are the mass fraction of hydrogen, carbon, oxygen, and sulfur,

respectively, present in the fuel.
o Shaft exergy (Es):

E, =Brake power of the engine, kW (C11)

o Exergy in cooling water (Ecw):

Ecy = My X €5 x [T, = Ty = T° x In (2] kw (C12)

cw

o Exergy in exhaust gas (Eeg):

E.y = (g + my) X [(:;9 {T;'g —T°—T%xIn (TT—g)} + RT®In (i—g)] kW (C13)

where, R, P!

g+ and P are the specific gas constant (0.287 ki/kg.K), exhaust gas pressure (bar) and

the pressure at the dead state (bar), respectively.
o Destructed exergy (Edes):

Eges = Ein — (Es + Eoyy + Eoy), KW (C14)

o Exergy efficiency (yn):

(C15)

o Rate of entropy generation (Sgen):

Sgen (KW/K) is defined as the ratio of rate of exergy destruction to the dead state to the
temperature at the dead state. It is a crucial parameter to predict the rate of loss of energy into
the environment (dead state) and allows more exact calculation of the losses than the traditional

approach that uses several correlations (Paul et al., 2017).
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_ Ldes (C16)

Exergy Analysis in DFM

In DFM, preheating of the intake charge has been done. Therefore, exergy input is the

combinations of the exergy in supplied fuels (Esuels) and exergy in preheated air (Epa).

o Exergy in injected pilot fuels (Epi ot ruets):

Epitot fuets = L1 X LHV) pitor fuets X [1.0401 +0.17287 + 0.04322 + 0.2169 7 X

(C17)
(1-20628%)| kw
C
o Exergy in inducted biogas (Ej,):
Ebg = 095 X Thbg X HHng, kW (C18)

where, 1, and HHV,,, are the mass flow rate (kg/s) of inducted biogas and higher heating value

of biogas, respectively.

Exergy in preheated air (Epa):

Epa = (thg + 1iyy) [cg {1, -10-79xIn ()} +Rx T%In <i—:)] KW (C19)

where, C7, T,,, and P, are the constant pressure specific heat (kJ/kg.K), preheating temperature (K),

and the suction line pressure at exit of the heat exchanger (bar), respectively.
o Exergy in (Ein):

Epn = pilot fuels T Ebg + Epcu KW (CZO)
o Exergy in exhaust gas (Eeg):

Eey = (g + 201 a fuets) X [ng {T;'g —T°—T%xIn (TT—g’)} + RT°In (i—g)] kw  (C21)
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Conversion of Emissions Data

In order to have a better clarity, the emission data measured in ppm and in volume percentage
are converted in gm/kWh. These data are presented in Tables D1 and D2 at the loads of 0.83
and 4.14 bar, respectively. The emission data have been converted following the standard
measurement procedures (SAE J1003, 2002), and the trends at lower and higher loads are found

similar to reported work (Verma et al., 2018).

Table D1 Emissions in gm/kWh unit (at 0.83 bar, brake power ~0.72 kW)

Load = 0.83 bar (at CR =17.5, IT =23 CAD bTDC)

Engine Operation HC CcoO NOx
ppm  gm/kWh Vol% gm/kWh  ppm  gm/kWh

nr-DFM (WOP) at @giobal =

797 14.53 0.117 60.73 6 1.19

0.87
nr-DFM (WOP) 211 13.15 0.112 50.16 29 3.70
£ _ nr-DEM (WP) 201 9.46 0.089 28.74 28 471
%_e:é TB-BT 163 10.83 0.085 22.46 46 5.06
E TB-E 143 7.39 0.069 14.04 53 5.78
TB-DEE 135 5.92 0.057 7.37 62 6.14
PDM 56 3.28 0.064 8.68 179 10.35

Table D2 Emissions in gm/kWh unit (at 4.14 bar, brake power ~ 3.42 kW)

Load = 4.14 bar (at CR =17.5, IT =23 CAD bTDC)

Engine Operation HC CO NOx
ppm  gm/kWh Vol.% gm/kWh ppm  gm/kWh

nI’-DFM (WOP) at (pglobal =

378 422 0045 856 72 2.25

0.89
nr-DFM (WOP) 131 119 0138 2150 442 8.14
E  nr-DFM (WP) 79 041 0049 550 781 9.41
£ é TB-BT 29 023 0027 252 784 10.08
§ TB-E 21 0.14  0.019 1.52 887 11.68
TB-DEE 15 009 0014  1.06 1131 14.10
PDM 45 030 0029  3.66 1196 14.36
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